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This thesis, using a meta-analytical review of the literature and a controlled 
longitudinal cohort trial, addresses a knowledge gap regarding peri-surgical changes 
in self-reported and objective measures of physical function, neuromuscular and 
sensorimotor performance capabilities of patients undergoing total knee arthroplasty 
(TKA). Responsiveness and patterns of change in perceived exertion (Borg Category-
Ratio Scale [CR-10]), perceived task duration (PTD) and neuromuscular performance 
during an intermittent isometric fatigue task (IIF) were also investigated.  
Twenty-six individuals (50 % female, 66.8 ± 1.4 years) underwent evaluation at 3 and 
~12 weeks pre-surgery, and again at 6 and 12 weeks post-operatively. Patient-
reported outcomes including the Knee injury and Osteoarthritis Outcome Score 
(KOOS), Oxford Knee Score (OKS), 36-Item Short Form Health Survey (SF-36), 
Performance Profile and International Physical Activity Questionnaire demonstrated 
significant changes in peri-surgical functional status. Significant time related 
interactions between operated and control legs were observed for range of 
movement, knee circumference and neuromuscular performance indices of volitional 
peak force (PFV), rate of force development, rate of force relaxation, 
electromechanical delay activation and relaxation (vastus medialis). Items of the 
KOOS (pain and activities of daily living), OKS and SF-36 (role emotional) and PFV 
demonstrated significant differences at three weeks pre-surgery compared to 
baseline. Differences in the rate of change of performance at week 6 and week 12 
post-surgery contributed most to the overall interactive- and main effect-related 
changes in the selected outcome measures. In estimating patient perceptions of 
exercise stress in an environment mimicking aspects of self-managed rehabilitative 
conditioning, the Borg Category-Ratio Scale and PTD showed a differential pattern of 
change during a novel IIF, with the latter perceptual tool showing congruency with 
patterns of objective fatigue-related loss of performance.  
This thesis provides the most comprehensive evaluation of peri-surgical physical 
function using patient-reported and objective (physical and physiological 
performance) outcomes. Further, this study is the first to contribute insight into how 
people undergoing TKA perceive exercise exertion and task duration. The research 
presents possible directions of future research to optimise physical function of TKA 
recipients.  
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Chapter 1: Introduction 
1.1 Introduction 
Total knee arthroplasty (TKA) is an elective surgical procedure, which is performed 
when the normal function of the knee and quality of life (QoL) are severely impaired 
by disease (Magee et al. 2009; NHS National Service Scotland 2009). The diseased 
portion of the joint is replaced by an artificial prosthesis made of metal, ceramic or 
plastic (National Joint Registry 2010). The main reason for joint replacement is 
osteoarthritis (OA) (Dixon et al. 2004; McHugh et al. 2008b; Magee et al. 2009; 
National Joint Registry 2016). Osteoarthritis is primarily a disease process that 
damages cartilage, remodels subchondral bone, initiates osteophyte formation, and 
results in ligamentous laxity, reduced strength of periarticular muscles, as well as 
thickening of the joint capsule (Pereira et al. 2011; Litwic et al. 2013). In Scotland, the 
incidence of TKA has increased by 27.9 % between 2007/2008 and 2015 (NHS 
National Service Scotland 2016), while the median age of people undergoing this 
surgery is decreasing (NHS National Service Scotland 2016). Similarly, England, 
Wales, Northern Ireland and the Isle of Man have reported a 12.8 % increase between 
2014 and 2015 (National Joint Registry 2015; National Joint Registry 2016). Knee 
arthroplasty is the fifth most frequently conducted surgical procedure in the United 
Kingdom (UK) (Department of Health 2004, cited in McHugh et al. 2008b).  
 
Figure 1.1 Recent trends in numbers of primary hip and knee arthroplasty in 
Scotland (NHS National Service Scotland 2016, p. 4). 
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There is general agreement in the literature that TKA is a cost-effective intervention 
for people suffering from advanced knee OA (Losina et al. 2009; Daigle et al. 2012; 
Dakin et al. 2012), particularly in terms of quality-adjusted life years gained (Navarro 
Espigares et al. 2008; Losina et al. 2009). However, costs for surgery and subsequent 
rehabilitation are a source of growing economic burden on healthcare systems 
globally (March and Bagga 2004; Maravic and Landais 2006). In the UK, each 
admission for primary TKA costs on average of £6,363 (Dakin et al. 2012). Post-
surgical healthcare services including readmission, revision procedures and general 
practitioner, outpatient and physiotherapy consultations relating to the operated knee, 
accrue an average cost of £1,095 per patient over a five year follow-up period in 
addition to the total cost for primary TKA (Dakin et al. 2012). 
1.1.1 Post-surgical impairments  
Pain is the predominant reason for joint arthroplasty, however for many people, TKA 
also offers an opportunity to regain functional ability (Healy et al. 2008). People with 
severe knee OA often desire to return to recreational activities that are above the 
levels required for activities of daily living (Weiss et al. 2002; Wylde et al. 2012). Most 
people undergoing TKA experience improvements in pain symptoms, perceived 
function and health-related QoL following surgery (Ethgen et al. 2004; March and 
Bagga 2004; Brander and Stulberg 2006). Despite these benefits, this population is 
characterised by persistent and marked impairments in muscle strength (Hassan et 
al. 2001; Mizner et al. 2005a; Valtonen et al. 2009; Maffiuletti et al. 2010; Zeni and 
Snyder-Mackler 2010; Vahtrik et al. 2012), postural stability (Hurley et al. 1997; Cho 
and Hwang 2013; Stan et al. 2013), and knee joint proprioception (Hurley et al. 1997; 
Hassan et al. 2001; Tarigan et al. 2009). Full recovery of muscle strength and physical 
function to a normal level is rare (Valtonen et al. 2009; Maffiuletti et al. 2010) and may 
not occur even years following surgery (Berman et al. 1991; Huang et al. 1996; Walsh 
et al. 1998; Berth et al. 2002; Silva et al. 2003). In addition, these impairments can 
lead to reduced balance and movement control (Piva et al. 2010; Rätsepsoo et al. 
2011), which may also contribute to injury (Lephart et al. 1997) and increased risk of 
falls (Swinkels et al. 2009; Bade et al. 2010; Rätsepsoo et al. 2011). Moreover, people 
undergoing TKA are not as physically active as similarly aged peers (Brandes et al. 
2011; Kersten et al. 2012), with nearly half failing to meet health-enhancing physical 
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activity guidelines1 long-term (Groen et al. 2012; Kersten et al. 2012; Vissers et al. 
2013). Consequently, attention is now increasingly being directed at 
neurophysiological changes that underpin well-documented persistent post-surgical 
impairment of physical function.  
1.1.2 Neuromuscular alterations 
A abundance of studies have examined the mechanisms of muscle strength and 
functional loss following TKA surgery, focusing mainly on muscle strength and 
patterns of recovery (Reilly et al. 1998; Stevens et al. 2003; Mizner et al. 2005b; Berth 
et al. 2007; Maffiuletti et al. 2010; Petterson et al. 2011; Vahtrik et al. 2012). However, 
it is still unclear why full functional recovery is not regularly achieved and the 
understanding of neuromuscular dysfunction is still speculative. One of the reasons 
for persistent clinical impairments after TKA surgery may be alterations to 
neuromuscular performance capabilities, which occurs following micro- or 
macrotrauma to the joint structures (De Andrade et al. 1965; Hopkins and Ingersoll 
2000). This pathophysiological change not only occurs in people with injuries or 
following surgery, but also appears to be a feature of individuals suffering from arthritis 
(Slemenda et al. 1998; Mikesky et al. 2006; Brandt et al. 2008; Rice and McNair 2010). 
In addition, persistent neuromuscular alteration can contribute to further joint 
degeneration (Palmieri-Smith and Thomas 2009). Neuromuscular alteration may take 
the form of arthrogenic muscle inhibition (AMI) (Palmieri et al. 2004a; 2004b) or 
aberrant facilitation (Palmieri et al. 2004a) of the unaffected musculature surrounding 
an injured joint. This pathophysiological response manifests as weakness of the 
quadriceps muscles in particular, and also occurs to a lesser degree on the contra-
lateral leg (Hurley et al. 1992; Hurley and Newham 1993; Hurley et al. 1994; Suter et 
al. 1998; Urbach et al. 1999; Urbach et al. 2001; Machner et al. 2002; Urbach and 
Awiszus 2002; Chmielewski et al. 2004; Becker et al. 2004). Arthrogenic muscle 
inhibition is induced by a change in the discharge of sensory receptors in or around 
the impaired/damaged knee joint (Rice and McNair 2010). Elements that may alter 
afferent discharge are joint effusion, inflammation, joint laxity and damage to articular 
sensory receptors (Rice and McNair 2010). Muscle inhibition has a protective 
                                               
1 American College of Sports Medicine and the American Heart Association: minimum of 30 
minutes of moderate-intensity aerobic (endurance) physical activity on five days per week or 
vigorous-intensity aerobic physical activity for a minimum of 20 minutes on three days per 
week (Haskell et al. 2007; Nelson et al. 2007).  
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mechanism in the acute stage, including the protection of the injured joint against 
further damage by reducing excessive loads (Hurley 1997) and by providing 
compensatory motor strategies for walking, as well as maintaining an upright position 
(Hopkins et al. 2001). However, some people never regain their previous level of 
function and are beset by persistent aberrant changes in neuromuscular muscle 
function (Urbach et al. 2001). Worryingly, one month following TKA, quadriceps 
muscle strength of the operated leg can decline by as much as 50 % to 60 % (Stevens 
et al. 2003; Mizner et al. 2005a; Bade et al. 2010). Moreover, quadriceps strength 
deficit on the affected side compared to the contra-lateral leg can decrease up to 68 
% one month following surgery (Mizner et al. 2005b) and 40 % at three months 
(Rodgers et al. 1998; Lorentzen et al. 1999; Mizner et al. 2005b). It is believed this is 
largely mediated by neuromuscular activation failure and to a smaller degree by 
muscle atrophy (Mizner et al. 2005a). Importantly, reduced quadriceps strength is also 
associated with a subsequent 20 % to 25 % deterioration in post-operative functional 
performance (Mizner et al. 2005b). In addition, one quarter of people awaiting TKA 
experience a fall and 45.8 % of these people will have another fall within the first year 
after surgery (Swinkels et al. 2009). As a result of neural alterations that are apparent 
in people suffering from arthritis, significant impairments are also observed pre-
operatively (Bade et al. 2010; Thewlis et al. 2014). Crucially, observed increases in 
neuromuscular deficits that occur prior to surgery track through into the post-operative 
stage with sustained functional limitations that can persist at least one year following 
surgery (Walsh et al. 1998; Noble et al. 2005; Thewlis et al. 2014). Figure 1.2 
illustrates pre- and post-surgical conditions of the operated leg based on findings from 
the literature (Bade et al. 2010; Mizner et al. 2005b; Stevens et al. 2003).  
Neural alterations are not only apparent in people suffering from arthritis, but are also 
frequently encountered in the elderly population. Advancing age is characterised by 
structural and functional alterations in human skeletal muscle with the observable 
declines in muscle volume and strength (Munsat 1984; Vandervoort et al. 1986). The 
term ‘sarcopenia’ is used to define age-related muscle atrophy, which leads to 
significant changes in body-composition and function (Rosenberg et al. 1997), while 
‘dynapenia’ describes the age-related loss in muscle strength and power (Clark and 
Manini 2008; 2012). Physiological mechanisms responsible for age-related muscle 
weakness are mediated by changes in myocyte properties including, muscle fibre 
atrophy and Ca2+ dysregulation (Russ et al. 2012; Arnold and Bautmans 2014), as 
well as changes at the motor cortex and spinal cord level (Manini and Clark 2012; 
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Russ et al. 2012). Muscle weakness ultimately impairs a person’s functional capacity 
to perform routine daily activities such as walking, stair climbing or sit to stand 
transfers (Aagard et al. 2010). The relationship between sarcopenia and OA is clearly 
important, however it is not yet clear whether sarcopenia is a risk factor for OA or a 
direct consequence of this condition (Loeser 2010; Papalia et al. 2014). Nevertheless, 
people with chronic musculoskeletal conditions like OA are more likely to present with 
greater age-related muscle deterioration (Petterson et al. 2011).2 
        
Figure 1.2 Pre- and post-surgical physical conditioning of the operated leg.  
1.1.3 Determinants of physical function following total knee arthroplasty 
A recent systematic review of moderate-to-high quality studies reported the following 
factors associated with unfavourable changes in physical function and pain two to six 
months after TKA: greater social deprivation; depression level and/or anxiety; greater 
pre-surgical pain catastrophising3; worse pre-operative function and pain level; pre-
operative low back pain and lower general health (Lungu et al. 2016). This review also 
                                               
2 To identify the relationship between sarcopenia and dynapenia and OA would exceed the 
scope of this thesis.  
3 Pain catastrophising is characterised “…by a tendency to focus excessively on pain 
sensations, to exaggerate the threat value of pain sensations, and to perceive oneself as being 
unable to control pain symptoms” (Vissers et al. 2012, p. 582).  
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highlighted that methodological heterogeneity of the included studies limit any 
conclusions regarding which determinants were most influential (Lungu et al. 2016). 
Baseline or pre-operative levels of function and pain were the most investigated 
potential factors and were consistently correlated with post-operative status 
(Desmeules et al. 2013). Surgical variables such as implant type (Desmeules et al. 
2013), implant brand and hospital type were found to have a comparatively smaller 
effect on post-operative patient-reported outcomes (PROs) (Baker et al. 2012).  
1.1.4 Natural progression while awaiting surgery 
There is general agreement that pre-operative physical function is the strongest 
determinant of post-operative pain and functional level (Fortin et al. 2002; Jones et al. 
2003; Lingard, et al. 2004; Mizner et al. 2005c; Desmeules et al. 2013). Therefore, 
research has focused on understanding the epidemiology and progression of OA and 
whether prolonged waiting time is associated with deterioration of pre-operative 
functional status. Presently, there is conflicting evidence regarding the natural history 
of pain and functional status of people awaiting TKA surgery. Some studies contend 
that longer pre-surgical waiting time not only represents an important burden for 
patients (Kelly et al. 2001; Ackerman et al. 2005), but also results in further 
deterioration of pain symptoms, functional limitations and QoL, which in turn adversely 
affect post-operative outcomes (Fortin et al. 1999; Ashworth et al. 2002; Fortin et al. 
2002; Hoogeboom et al. 2009). However, alternative studies have not found waiting 
time-related reductions in self-reported physical function (Kelly et al. 2001) or 
worsening of pain symptoms (Kapstad et al. 2007; Kelly et al. 2001). Crucially, the 
results of most of these studies are based on PROs.  
There is an increasing body of evidence, which suggests that PROs fail to capture 
actual changes in physical function following TKA (Quellet and Moffet 2002; Stratford 
et al. 2004; Stratford et al. 2006; Jacobs and Christensen 2009). However, despite 
the apparent psychometric validation of inventories of self-perceived physical fitness 
and functional capabilities, it is far from certain that TKA recipients’ perceptions of 
their functional status are consistent with potential physiological deconditioning and 
declines in performance-based measurements. Self-perception is an integral part of 
evaluation by PROs. Precise self-perception of the intensity or stress associated with 
exercise is an essential element for its regulation and conditioning effectiveness, as 
well as for optimising performance (Tucker 2009; De Koning et al. 2011; Abbiss et al. 
2015). An altered perception of knee function may affect an individual’s ability to 
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effectively self-moderate the exercise programme intended to return him/her to full 
functional capability. Several task, effort, awareness, exertion and exhaustion time 
scales have been developed to monitor perceived exertion and regulate work-rate 
(Garcin et al. 1999; Swart et al. 2012). However, it is still not clear whether rating of 
perceived exertion (RPE), which is intended to monitor an individual’s experience of 
exertion in response to exercise provides a strong indication of the time to endpoint 
or exercise duration in a given exercise task. Recent literature indicates that 
sensations of effort required for the continuation of performance during an exercise 
task can be segregated from perceptions of exertion elicited by the task (Swart et al. 
2012). In this respect, it is possible that a conscious prediction of the remaining 
exercise duration produces a contrasting pattern of response to RPE. Exploration of 
divergent paradigms of self-perception of exertional stress (RPE and perceived task 
duration [PTD]) are therefore important, in order to identify which scale offers the most 
precise reflection of task duration and may be recommended for regulating exercise 
performance in the TKA population.  
1.1.5 Pre-habilitation  
The beneficial effects of exercise on physical and psychological health are well 
documented, and current international consensus guidelines recommend exercise as 
a treatment to reduce pain and improve physical function of people living with OA 
(Jordan et al. 2003; Fransen and McConnell 2008; Fransen and McConnell 2009; 
Zhang et al. 2010). Recent systematic reviews and meta-analyses agree there is no 
definitive evidence as to whether a pre-operative exercise programme accelerates 
recovery of physical function following TKA (Wallis and Taylor 2011; Hoogeboom et 
al. 2012; Gawel et al. 2013; Simmons and Smith 2013; Kwok et al. 2015). Specific 
guidelines on exercise interventions, which reduce clinical impairments that are 
apparent prior to TKA, and which might facilitate the ultimate goal of improving post-
surgical function and accelerating recovery, are still elusive (Jordan et al. 2003; 
Bennell and Hinman 2011). 
1.1.6 Summary 
Despite the positive outcomes of TKA surgery on symptoms, current research 
highlights the persistent deleterious effects of retained aberrant neuromuscular 
alterations on physical function, which may also directly impact falls risk. In addition, 
the potential effect of pre-surgical waiting time on physiological deconditioning and 
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deterioration of physical function prior to surgery is unclear. Therefore, there is a 
pressing need to evaluate neuromuscular capabilities of people undergoing TKA. It is 
also of utmost importance to strive to identify modifiable factors that are potentially 
capable of both successfully ameliorating the pathophysiological process of OA prior 
to surgery, as well as reducing post-surgical impairments, in order to accelerate 
recovery and improve functional level. An increased understanding of pre-operative 
physiological impairments and functional limitations, and how these parameters may 
change during waiting time, may help clinicians to optimise rehabilitation programmes 
and construct effective pre-surgical exercise conditioning interventions. Additionally, 
understanding of whether there is congruence amongst divergent paradigms of self-
perception of exercise exertion involving holistic ratings of current status (RPE) and 
perceptions of task duration (PTD) is important, in order to recommend a scale with 
which people may accurately calibrate their own perceived exercise performance and 
exertional capabilities to facilitate appropriate exercise dosage. Subsequently, there 
is room for further investigation regarding differential patterns of change amongst 
patient-reported and objectively measured physical function, as well as 
neuromusculoskeletal capabilities, of people undergoing TKA in the period prior to 
and after surgery. Moreover, this thesis aims to identify responsiveness and patterns 
of change amongst outcomes of self-perceived exercise exertion (RPE and PTD) and 
neuromuscular performance when assessed during an intermittent isometric fatigue 












Chapter 2: Literature Review 
The focus of this chapter is to provide the background and rationale of the thesis by 
critically reviewing the literature pertaining to: 
 The effect of waiting time on physical function of people undergoing TKA 
surgery (section 2.1); 
This systematic review has been registered with PROSPERO (international 
prospective register of systematic review) and has been submitted for 
publication (currently under review). 
 The evidence supporting post-operative effectiveness and dose-response 
characteristics of specific pre-operative exercise programmes that have 
included a description of physiological stress (i.e., mode, frequency, intensity 
and duration) in patients undergoing TKA (section 2.2);  
The content of this chapter has been published as systematic review with 
meta-analysis in the ‘Journal of Rehabilitation Medicine’ (Peer et al. 2017).  
 Definition of the key terms ‘peri-surgery’ and ‘physical function’ used within the 
thesis (section 2.3); 
 Outcome measures of physical function (subjective and objective [physical 
and physiological performance]) employed for this clinical population (section 
2.4); 
Additionally, the purpose of this section is to state the research question, aims and 
hypothesis of the thesis (section 2.5, 2.6 and 2.7).  
In order to identify relevant literature, a systematic search was performed for sections 
2.1 and 2.2. For section 2.4, a narrative review was completed using the following four 
bibliographic databases: CINAHL (via EBSCOhost Research Databases); 
SPORTDiscus (via EBSCOhost Research Databases); PubMed (via National Library 
of Medicine); and Cochrane Library. Search terms such as ‘knee’; ‘osteoarthritis’; 
‘arthroplasty’; ‘replacement’; ‘measurement’; ‘outcomes’; ‘assessment’; ‘patient-
reported’; ‘performance based’; ‘subjective’; ‘objective’; ‘neuromuscular’; 
‘sensorimotor’; ‘reliab*’; ‘valid*’; ‘responsive*’ and ‘function*’ were used to identify 
appropriate studies. Full articles and their findings published until December 2014 
were considered. Tables describing psychometric properties of outcome 
measurements with a high number of results are shown in appendices I a to I c. 
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2.1 The effect of waiting time on physical function in patients undergoing total 
knee arthroplasty surgery: A systematic review of the literature. 
This systematic review has been registered with PROSPERO (international 
prospective register of systematic review) and has been submitted for publication 
(currently under review). 
2.1.1 Introduction  
Total knee arthroplasty (TKA) is the preferred surgical intervention for end-stage knee 
osteoarthritis (OA) (Kahn et al. 2013), and the number of TKA operations performed 
has shown a consistent year on year increase (National Joint Registry 2012; NHS 
National Service Scotland 2014). There is overwhelming evidence that TKA is a cost-
effective intervention for patients suffering from advanced knee OA (e.g., Losina et al. 
2009; Daigle et al. 2012; Dakin et al. 2012). However, as a result of this increased 
implementation, long waiting times between orthopaedic consultations to TKA surgery 
can occur (Woolhead et al. 2002). The mean waiting time for a knee replacement 
operation in England was recently reported to be 107 days (The Patients Association 
2015). In comparison, a person awaiting the same operation in Canada can expect a 
longer average waiting time of 237 days (Bohm et al. 2010). Within the Veteran Affairs 
Healthcare System in the United States wait times can be up to two years (Hussain 
et al. 2010), while in China the mean waiting time is as long as three years (Yan et al. 
2011). The length of waiting time before surgery does not always correspond with the 
severity of patient-reported burden of symptoms (Llewellyn-Thomas et al. 1998; 
Hawker et al. 2000), but it is conceivable that it may adversely influence patient 
outcomes (Mather et al. 2014).  
Pre-operative physical function has been identified as the strongest determinant of 
post-operative pain and functioning (Fortin et al. 2002; Jones et al. 2003; Lingard, et 
al. 2004; Mizner et al. 2005c; Desmeules et al. 2013). Consequently, research has 
focused on understanding the epidemiology and progression of OA and whether 
prolonged waiting time is associated with deterioration in pre-operative functional 
status. Presently, conflicting evidence exists regarding the natural history of functional 
status and pain in patients awaiting TKA surgery. Some studies report that the 
potential waiting time for surgery represents an important burden for patients (Kelly et 
al. 2001; Ackerman et al. 2005). Importantly, it is suggested that waiting time also 
results in further deterioration of pain symptoms (Hoogeboom et al. 2009), functional 
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limitations (Noseworthy et al. 2005) and quality of life (QoL) (Ashworth et al. 2002), 
which in turn affect post-operative outcomes (Fortin et al. 1999; 2002). In contrast, 
another study shows no change in self-reported function while awaiting TKA surgery 
(Kelly et al. 2001). 
The effect of pre-surgery waiting time on the potential for physiological de-conditioning 
and deterioration of physical function prior to surgery is unclear, and more studies in 
this area are now available since the review by Hoogeboom et al. (2009). The present 
systematic review therefore aims to summarise findings from more recent 
publications. A better understanding of pre-operative physiological impairments and 
functional limitations, and how these parameters may change during the waiting time 
may help clinicians to design effective pre- and post-surgical exercise conditioning 
interventions.  
2.1.2 Methods 
2.1.2.1 Search strategies 
In order to identify relevant articles a comprehensive review of the existing literature 
was undertaken. Five bibliographic databases were searched for results published up 
to November 2015: CINAHL; MEDLINE; SPORTDiscus (via EBSCOhost Research 
Databases); Cochrane Library; and EMBASE (via Athens Library). For each 
database, individual and comprehensive search strategies were constructed using 
subject-heading mapping. The literature search included search terms such as: 1) 
knee, osteoarthritis, total knee replacement, total knee arthroplasty 2) wait*, queu*, 
decondit*, preoperative, presurgery, preadmission 3) function. All terms were 
searched as keywords and all three categories were combined with the Boolean terms 
‘AND’ and ‘OR’.  
Predetermined eligibility criteria were used to evaluate potentially relevant studies. 
Where there was insufficient information to determine its eligibility, the full article was 
checked. After reading the full studies from the useful and unsure categories, the final 
decisions were made on inclusion or rejection. In addition to the databases, the 
reference sections of the included articles were checked to identify additional sources 





2.1.2.2 Selection criteria 
Publications were eligible if: (i) pre-operative changes in physical function were 
observed during the waiting time for elective TKA; (ii) at least two pre-operative 
assessment points were reported; (iii) the study was of prospective nature such as 
descriptive, cohort or randomised controlled trial (RCT) with no pre-intervention 
programme applied; (iv) all participants were diagnosed with OA (in either one or both 
knees) and awaiting TKA surgery; and (iv) the study was written in English or German. 
Waiting time was defined as the period between the decision to go ahead with surgical 
treatment and the date of surgery. A study was excluded if: (i) studies used only one 
pre-operative assessment point; (ii) trials included patients with knee and hip OA, but 
separate data on the knee were not available; (iii) participants were undergoing TKA 
surgery due to another knee joint injury or disease, such as a fracture or tumour.  
2.1.2.3 Data collection 
Data extraction from published data was performed (by Maria Peer [M.P.]) and if 
required, authors were contacted for further information. Customised data extraction 
forms were used to systematically collect information on the effect of waiting time on 
physical function in patients awaiting TKA and assessment characteristic used – such 
as the assessment instruments, assessment points, factors checked for association, 
waiting time, results, and results on factors for association. Additionally, study data 
regarding participant characteristics were also extracted. 
2.1.2.4 Assessment of risk of bias 
For observational longitudinal research no standardised quality assessment checklist 
exits. Consequently, this review utilised the Tooth checklist (Tooth et al. 2005), which 
has been previously employed in a systematic review (Hoogeboom et al. 2009). The 
checklist includes 33 items focusing on the study rational, population, recruitment, 
measurement, biases, data analysis, and generalisability of the results. This checklist 
contained no rating system for the classification of study methodological quality and 
all items were scored on a dichotomous scale Yes (✓) or No (x). The raters (M.P. and 
Nigel Gleeson [N.G.]) independently assessed each item using the aforementioned 





2.1.3.1 Study selection 
A total of 2,875 references were identified with the systematic search strategy and a 
further four potential records were identified through other sources, including hand 
searching and Google Scholar. After title and abstract screening, 45 articles were 
retrieved for full paper review. The datasets, which formed the bases of four 
publications (Kelly et al. 2000; Pace et al. 2006; McHugh et al. 2008a; Desmeules et 
al. 2012), were again employed for further publications. Hence, this review includes 
only the studies (Kelly et al. 2001; Pace et al. 2005; McHugh et al. 2008b; Desmeules 
et al. 2010), in which the objectives best matched the inclusion criteria but which 
weren’t based on duplicated data. The Tooth checklist (Tooth et al. 2005) was unable 
to be applied for quality assessment of the study by Struessel et al. (2013), as it was 
a case study. Therefore, this study was excluded from this review on the basis that it 
was not directly comparable to all of the other included studies. As such, these 
excluded studies were only be used to contextualise the findings of this review and 
not used directly in the synthesis of information. One further study included patients 
with knee and hip OA (Ashworth et al. 2002), but did not report separate data relating 
to the knee. The authors were contacted for further information. However, no 
response from the research group was received, and as a consequence, led to the 
exclusion of this study. In general, nine studies fulfilled the inclusion criteria. 
Bibliographies of the selected studies were searched. Figure 2.1 is the design of a 
flow chart, which represents the identification of articles for inclusion in the systematic 
review. 
  
                                               




2,875 records identified through database 
searching  
4 potential additional records identified through 













1,854 records were excluded after abstract and title 
review as they were not descriptive, cohort or RCT 
(with no pre-intervention programme applied), or 
did not evaluate the effect of waiting time on 














9 full-text articles included 
Figure 2.1 Flow chart of the identification of articles for inclusion in the 
systematic review. RCT: Randomised Controlled Trial; OA: Osteoarthritis. 
36 full-text articles were excluded 
25 articles had only 1 assessment point pre-
operative 
4 datasets, which formed the bases of 4 articles, 
were again employed for further publications. 
3 articles were conference presentations 
2 articles included patients with knee OA but not 
awaiting TKA 
1 article did not provide separate results on TKA  
1 article was a case study 
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2.1.3.2 Study characteristics 
Of the nine total studies identified, eight articles were prospective longitudinal studies 
and one paper was a RCT. The mean age of the participants in the included studies 
was 68.1 years (range 66 - 70 years), mean body mass index (BMI) was 29.7 kg·m-2 
(range 26.98 - 31.4 kg·m-2), and proportionately women made up 65.4 % (range 51.7 
% - 86 %) of the included study samples. The mean waiting time for surgery was 221.4 
days (range 73.0 - 404.5 days) (approximately 7.3 months). One study categorised 
participants into waiting time groups: three months, six months and nine months 
(McHugh et al. 2008b). The study by Pace et al. (2005) evaluated potential changes 
in physical function from the orthopaedic consultation to surgery, as well as the effect 
of waiting time from the general practitioner’s (GP) referral to orthopaedic consultation 
(9.8 month [range 1.8 - 14.2 months]). Table 2.1 summarises participant’ 
characteristics. 
2.1.3.3 Risk of bias within studies 
The two authors (M.P. and N.G.) scored in total 297 quality criteria and were in 
agreement on 290 (97.6 %). Where ratings disagreed a consensus was reached 
within one meeting. Table 2.2 provides detailed information for each item rated on the 
checklist. On average 21 items on the Tooth checklist (range between 13 and 26) 
were rated with Yes (✓) of a total of 33. While none of the studies satisfied more than 
80 % of the quality items, six studies achieved more than 60 % (Kelly et al. 2001; 
Hirvonen et al. 2007; Kapstad et al. 2007; McHugh et al. 2008b; Desmeules et al. 
2010; Ackerman et al. 2011) and three papers were below 60 % (Pace et al. 2005; 




Table 2.1 Patient characteristics of the included studies. 
 Patient characteristics  
Study n Age years (± SD) BMI (kg·m-2) Gender w/m (%) Inclusion/exclusion criteria 
Ackerman et al. 
(2011) 
134a 67 (range 61 - 75 
years) 
Not reported by 
the authors 
59/41a Inclusion: > 18 years, listed for unilateral TKA, fluent in English. 
Exclusion: cognitive dysfunction, surgery within < 30 days, diagnosed 
with a severe medical illness 
Ahmad and 
Konduru (2007) 
58 68.7 (range 47 - 
86 years, median 
70) 
Not reported by 
the authors 
51.7/48.3 Inclusion: primary OA 
Desmeules et al. 
(2010) 
153 66 (± 9.5) 31.4 (± 6.4) 
 
65/35 Inclusion: age ≥ 40 years, newly listed for primary TKA, resident of the 
province Quebec, beneficiaries of the provincial universal health 
insurance coverage, understand & speak French 
Exclusion: cardiac condition, degenerative disease, mental disorders, 
previous contra-lateral joint replacement, major knee injury < 1 year, 
operated within 30 days of surgery 




66 (± 9.3) (SWT) 
69 (± 9.0) (NFWT) 
30.4 (± 4.9) (SWT) 




Inclusion: ≥ 16 years, on the waiting list for primary TKA, mentally able 
to participate 
Exclusion: rheumatoid arthritis, fractures, haemophilia and deformity 
Kapstad et al. 
(2007) 
50a 69.2 (± 9.1) Not reported by 
the authors 




 Patient characteristics  
Study n Age years (± SD) BMI (kg·m-2) Gender w/m (%) Inclusion/exclusion criteria 
Kelly et al. (2001) 180 
 
68.1 (range 27 - 
89 years)a 
 
29.1 a 59/41 a 
 
Inclusion: on waiting list for TKA, resident within the Capital Health 
Region, understanding of English 
Exclusion: revision, surgery within 1 month 
McHugh et al. 
(2008b) 
57 68 (range 40 - 86 
years) a 
Not reported by 
the authors 
59/41 a Inclusion: > 18 years, primary OA, on waiting list for TKA surgery, also 
included contra-lateral replacement, resident in defined geographical 
area 
Pace et al. (2005) 124b 69 (range 49 - 80 
years) 
26.98 (17.78 - 
43.25) 
56/44 Inclusion: >18 years, diagnosed with primary or secondary OA, 
understanding of written English 
Exclusion: rheumatoid arthritis, other origin for knee pain 
Vuorenmaa et al. 
(2008) 
43 70 (± 5) 31 (± 5) 86/14 Inclusion: OA 3 - 4 (Ahlbaeck classification). 
Exclusion: > 80 years, inflammatory joint disease, early knee 
arthroplasty, severe medically diagnosed disease (i.e., cancer) 
aResult also included total hip arthroplasty patients. bn = 124 at baseline; n = 96 - GP referral to surgery and orthopaedic assessment to surgery. n: Number of participants randomised 




Table 2.2 Items scaled on the Tooth checklist of the included studies.a 
Author, Year Criterion  
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 
Ackerman et al. 
(2011) 
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ X ✓ ✓ ✓ X X ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ X ✓ ✓ ✓ X X X 
Ahmad & 
Konduru (2007) 
✓ ✓ ✓ ✓ ✓ ✓ X X X X X X X X ✓ ✓ ✓ X ✓ X X X ✓ ✓ ✓ X X X X X X X X 
Desmeules et al. 
(2010) 
✓ ✓ ✓ ✓ ✓ ✓ ✓ X X ✓ ✓ ✓ ✓ X ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ X X X X ✓ X X X 
Hirvonen et al. 
(2007) 
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ X ✓ ✓ X X X ✓ ✓ ✓ ✓ ✓ ✓ X ✓ X ✓ X X ✓ ✓ 
Kapstad et al. 
(2007) 
✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ X ✓ ✓ ✓ X ✓ ✓ ✓ ✓ ✓ X ✓ ✓ ✓ ✓ ✓ ✓ X ✓ X X X X ✓ ✓ 
Kelly et al. (2001) ✓ ✓ ✓ ✓ ✓ ✓ ✓ X ✓ ✓ X ✓ ✓ X ✓ ✓ ✓ ✓ ✓ X ✓ ✓ ✓ ✓ X ✓ X ✓ X ✓ X ✓ X 
McHugh et al. 
(2008b) 
✓ ✓ ✓ ✓ X ✓ ✓ ✓ X ✓ X ✓ ✓ ✓ ✓ ✓ X X X ✓ ✓ ✓ ✓ ✓ ✓ ✓ X X X ✓ X ✓ ✓ 
Pace et al. (2005) ✓ ✓ ✓ ✓ X ✓ ✓ X X X X ✓ X X ✓ ✓ ✓ ✓ X ✓ ✓ X ✓ ✓ ✓ X X X X X X X X 
Vuorenmaa et al. 
(2008) 
✓ ✓ X ✓ X X ✓ ✓ X X ✓ ✓ X X ✓ ✓ X X X ✓ ✓ X ✓ ✓ X ✓ X X X X X X X 
Note: Criterion: 1. Objective/hypotheses 10. Numbers meeting eligibility criteria 19. Confounders 28. Confounders in analysis 
 2. Target population 11. Reasons for not meeting eligibility criteria 20. Number of participants at each stage 29. Missing data in the analysis 
 3. Sampling frame 12. Numbers consenting 21. Reasons for loss to follow-up at each stage 30. Biases assessed qualitatively 
 4. Study population  13. Reasons for not consenting 22. Missing data items at each stage 31. Biases estimated quantitatively  
 5. Study setting/geographic location  14. Comparison of consenters with non consenters 23. Type of analyses 32. Relate results to target population  
 6. Dates 15. Number of participants at the beginning 24. Longitudinal methods 33. Other discussion of generalisability 
 7. Eligibility criteria 16. Method of data collection 25. Absolute effect sizes  
 8. Selection-in biases 17. Reliability of measurement methods 26. Relative effect sizes  
 9. Number at beginning justified 18. Validity of measurement methods 27. Loss of follow-up in the analysis  
 Key: ✓yes X no    
 
aItems were evaluated on the assumption that details or description within the text or figures were stated.  
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2.1.3.4 Synthesis of results  
Outcome measures from the studies included in this review were too varied to permit 
pooling of results and quantitative analysis by meta-analysis. Consequently, a 
qualitative review of studies was performed. The majority of the included articles 
employed patient-reported outcome assessments, with only two studies (Pace et al. 
2005; Vuorenmaa et al. 2008) incorporating objectively determined measures of 
physical function. 
2.1.3.4.1 Short waiting time ( six months - approximately 182.5 days) 
Five articles assessed the effect of a short-term waiting time ( six months) on self-
reported physical function (Kelly et al. 2001; Hirvonen et al. 2007; Kapstad et al. 2007; 
McHugh et al. 2008b; Desmeules et al. 2010). The research conducted by Kapstad 
et al. (2007) observed a small but significant deterioration in self-reported physical 
function evaluated using the Western Ontario and McMaster Universities 
Osteoarthritis Index (WOMAC) (effect size [ES] = -0.2). By contrast, the study by Kelly 
et al. (2001) reported no such difference. The two studies with short waiting times by 
Kapstad et al. (2007) and Kelly et al. (2001) (median 102 days and average of 132 
days, respectively) found a clinically relevant decline (> 10 %) in WOMAC physical 
function scale scores for some participants (20 % and 19 %, respectively), while a 
similar proportion demonstrated an improvement (10 % and 32 %, respectively). 
Further, the McHugh et al. (2008b) study identified a significant deterioration in the 
WOMAC physical functional scale (5.5; 95 % CI 2.9, 8.1) for its three-month waiting 
time group, and similar results for the six-month waiting time group (4.8; 95 % CI 2.6, 
7.1). Likewise, Desmeules et al. (2010) reported a significant deterioration of the 
WOMAC physical function scale (-4.1; 95 % CI -7.7, -0.55) and the 36-Item Short 
Form Health Survey (SF-36) physical function scale (-4.4; 95 % CI -7.6, -1.1) in 
participants waiting three to six months.  
The RCT by Hirvonen et al. (2007) reported no significant difference in functional 
performance between the short (average of 73 days) and long (average of 266 days) 
waiting time groups using self-report scales modified from the Knee Society Clinical 





2.1.3.4.2 Long waiting time (> six months - approximately 182.5 days) 
Seven studies focused on the effect of a long-term (> six months) waiting period on 
physical function (Pace et al. 2005; Ahmad and Konduru 2007; Hirvonen et al. 2007; 
McHugh et al. 2008b; Vuorenmaa et al. 2008; Desmeules et al. 2010; Ackerman et 
al. 2011). However, conflicting results were observed regarding participants’ physical 
function. Three articles identified significant deterioration in physical function of 
participants awaiting TKA (Ahmad and Konduru 2007; Desmeules et al. 2010; 
Ackerman et al. 2011), while four papers (Pace et al. 2005; Hirvonen et al. 2007; 
McHugh et al. 2008b; Vuorenmaa et al. 2008) demonstrated no such effect.  
Ahmad and Konduru (2007) reported a significant worsening in functional symptoms 
with an average increase of 6.3 points (± 5.7) of the Oxford Knee Score (OKS) at the 
pre-operative visit compared to when placed onto the waiting list for surgery. Similarly, 
Ackerman et al. (2011) found a trivial deterioration (ES = -0.08) in the overall Western 
Ontario and McMaster Universities Osteoarthritis Index (WOMAC) score from 
baseline to admission. In addition, Desmeules et al. (2010) observed that patient-
reported physical function deteriorated in participants with surgical waiting times of 
six to nine months (WOMAC physical function: -6.5; 95 % CI -11.1, -1.9) and 9 to 12 
months (WOMAC physical function: -11.1; 95 % CI -18.7, -3.4). Additionally, SF-36 
physical function scale scores revealed declining functional status at nine months (-
11.3; 95 % CI -18.4, -4.1) and at more than 12 months (-7.1; 95 % CI -12.9, -1.3). 
In contrast, Vuorenmaa et al. (2008) observed no significant changes for physical 
performance outcomes such as muscle strength (using a dynamometer) and pre-
surgical functional abilities measured by the Functional Assessment System (FAS) 
over an average waiting time of 10 months. Moreover, no significant change in patient-
reported physical function scale scores of the WOMAC (0.3; 95 % CI -3.8, 4.4) was 
observed by McHugh et al. (2008b) for participants waiting six to nine months. 
Similarly, Pace et al. (2005) reported no significant functional change (p = 0.38) in the 
American Knee Score and the OKS (p = 0.30). However, this study did identify 
significant deterioration in self-reported function between GP referral and orthopaedic 






2.1.3.4.3 Results on factors for association 
Ahmad and Konduru (2007) observed that length of waiting time correlated with 
changes in the OKS (p = 0.001, strength of association not stated), and that the longer 
participants had to wait, the bigger the changes in score (mean increase 6.3 points 
[more than 10 % worsening in functional symptoms]). Demographic factors were not 
predictive of functional decline in the study of (Kelly et al. 2001). However, Kapstad 
et al. (2007) demonstrated that longer waiting times were associated with 
deterioration on the WOMAC stiffness (0.34; 95 % 0.20, 0.48) and WOMAC total 
scales (0.14; 95 % 0.05, 0.24). Further, married and cohabiting participants appeared 
to score worse on the WOMAC stiffness scale (-0.83; 95 % -1.43, -0.23) compared to 
single and widowed individuals. One study indicated that participants with a BMI 
greater than 30 were more likely to show greater deterioration in functional 
assessment scores of the American Knee Society score (Pace et al. 2005). Table 2.3 
summarises in detail outcome measurement used and results for each study. 
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Table 2.3 Studies illustrating the effect of waiting time on pain and physical function in patients awaiting TKA. 




Factors checked for 
association 













status & past medical 
history) 
Rate self-perceived 
change in pain, fatigue, 
QoL, health and 
confidence in managing 
health since being listed 
onto the waiting list (only 




- 6 weeks pre-
operative) 
Age and gender 
(separate data for 
THR and TKA not 
available) 
286 days (range 169 - 
375) (approx. 9.4 
months) 
AQoL: (-0.02; 95 % CI -0.08, 0.03; p = 
0.39), ES: -0.10 (small deterioration) 
WOMAC: (1.4; 95 % CI -2.7, 5.4; p = 
0.50), ES: -0. 08 (small deterioration) 
K10: (0.5; 95 % CI -0.6, 1.7; p = 0.33), 
ES: -0.07 (small deterioration) 
Considering clinical important change 
(decrease of ≥ 0.04 units for AQoL and 
increase ≥ 9.6 units for WOMAC):  
Proportion of participants reporting 
clinical important change: 
AQol: 50 % decline, 17 % no change, 
33 % improvement 
WOMAC: 24 % decline, 52 % no 










OKS with waiting time 
Age and sex with rate 
of deterioration  
242 days (range 100 - 
428) (approx.. 8 
months) 
Statistical significance level: p < 0.05 
Statistically significant increase in 
OKSb by 6.3 points (± 5.72) (10 % 
worsening in functional symptoms) 
 
Length of waiting time 
correlated with change 
in OKS. Longer waiting 
time led to bigger 
changes in score (p > 
0.001) 
Slope of regression line: 
5.1 points at 6 months. 
Slope of regression line 
for male: 4.82 points at 6 
months. 
Slope of regression line 
for age: younger patient 
deteriorated by 4.3 
points at 6 months, older 
patients deteriorated by 
4.3 points.  
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Factors checked for 
association 
Waiting time Results Results on factors for 
association 
Length of time on 
waiting list did not 
correlate with baseline 

























days (± 4.7) 
5.7 days before 
surgery (± 3.4)  
- 183 days (± 121.9) 
(approx. 6 months) 
Statistical significance level: p = 0.05 
Overall changes from listed for surgery 
until TKA surgery: Significant 
deterioration in WOMAC pain (-2.8; 95 
% CI -5.5, -0.19; p = 0.04) and 
physical function scale (-4.6; 95 % CI -
6.7, -2.4; p < 0.001), contra-lateral 
knee WOMAC pain score (-4.7; 95 % 
CI -7.7, -1.6; p = 0.002) and the SF-36 
PF scale (-4.8; 95 % CI -7.2, -2.4; p < 
001). 
Waiting time > 3 - 6 months significant 
deterioration on WOMAC physical 
function scale (-4.1; 95 % CI -7.7, -
0.55); SF-36 PF score (-4.4; 95 % CI -
7.6, -1.1). 
Waiting time > 6 - 9 months significant 
deterioration in WOMAC physical 
function (-6.5; 95 % CI -11.1, -1.9) and 
WOMAC pain on the contra-lateral 
knee (-10.4; 95 % CI -16.9, -3.9). 
Waiting time > 9 - 12 months 
significant deterioration in WOMAC 
pain (-9.9; 95 % CI -19.2, 0.54) and 
function (-11.1; 95 % CI -18.7, -3.4); 
SF-36 PF scale (-11.3; 95 % CI -18.4, 
-4.1) and RP score (-20.6; 95 % CI -
35.1, -6.1), contra-lateral knee 










Factors checked for 
association 
Waiting time Results Results on factors for 
association 
Waiting time > 12 months: significant 
deterioration in the SF-36 PF scale (-
7.1; 95 % CI -12.9, -1.3), WOMAC 
pain on the contra-lateral knee (-10.7; 
95 % CI -19.7, -1.7). 





SWT (< 3 months) 
NFWT 
15D 
Modified Knee Society 
Clinical Rating System 
(self-reported pain and 
function - walking 






- 73 days (range 8 - 
600) (2.4 months) 
266 days (range 28 - 
818) (approx. 8.7 
months) 
Statistical significance level: p < 0.05 
Between the groups: No significant or 
clinically important difference in the 
15D (Δ0.015, t = 1.4, p = 0.170). No 
statistically significant difference in the 
degree of pain (2 = 3.0, p = 0.889). No 
significant difference in stair climbing 
(2 = 2.7, p = 0.745) and walking 
distance (2 = 2.9, p = 0.715). 
- 






WOMAC Listed for 
surgery 
2 weeks before 
operation 
(patients who 





time, baseline scores, 
medication 
102 days (range 33 - 
322) (approx. 3.4 
months) 
Statistical significance level: p = 0.05 
Significant deterioration on WOMAC 
physical function (ES = 0.3) (p = 0.03) 
and non-significant deterioration on 
the pain (ES = -0.1) (p = 0.62), 
stiffness (ES = 0.3) (p = 0.15) and total 
scale (ES = 0.2) (p = 0.16). 
MCID (≥ 10 % change in scores) 
Proportion of sample demonstrating 
change in WOMAC physical function 
and pain scales 
Improvement: function 10 %, pain 22 
% 
Deterioration: function 20 %, pain 22 
%. 
Unchanged: function 70 %, pain 56 % 
 
Higher WOMAC scores 
at baseline are 
associated with smaller 
changes. 
Female sex is 
associated with higher 
pain subscale scores. 
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Factors checked for 
association 
Waiting time Results Results on factors for 
association 






















marital status, working 
status, waiting time, 
baseline WOMAC and 
SF-36 
131.5 days (approx. 
4.5 months) 
Statistical significance level: p < 0.05 
MQS: 4.5c 
Charlson comorbidity index: 0.47 
SF-36: small but significant 
improvement pain (p = 0.01); MH, RE 
and GH (p < 0.05) 
Proportion of sample demonstrating 
change in WOMAC physical function 
and pain scales 
Improvement: function 32 %, pain 30 
% 
Deterioration: function 19 %, pain 25 
%. 
Unchanged: function 46 %, pain 43 % 
None of the independent 
variables significantly 
predicted pain and 
function. 

















3 month (approx. 91.3 
days): n = 43 
6 month (182.5 days): 
n = 43 
6 - 9 month (approx. 
182.5 - 273.8 days): n 
= 17 
WOMAC pain and 
function:  
3 month (91.3 days): n 
= 43 
6 month (approx. 
182.5 days): n = 27 
6 - 9 month (approx. 
182.5 - 273.8 days): n 
= 17 
Statistical significance level: p = 0.05 
Compared to baseline - at 3 months:  
No significant deterioration in VAS 
pain scores (0.3; 95 % CI -0.1, 0.8), 
but significant deterioration in WOMAC 
pain (1.0; 95 % CI 0.3, 1.7) & 
significant deterioration in WOMAC 
physical function (5.5; 95 % CI 2.9, 
8.1). 
Compared to baseline - at 6 months:  
Significant deterioration in VAS pain 
scores (1.2; 95 % CI 0.6, 1.9), 
WOMAC pain (1.2; 95 % CI 0.0, 2.4) & 
WOMAC physical function score (4.8; 
95 % CI 2.6, 7.1), no significant 












Factors checked for 
association 
Waiting time Results Results on factors for 
association 
SF-36 pain:  
6 month (approx. 
182.5 days): n = 27 
Difference between 6 & 9 months: No 
significant deterioration in VAS pain 
scores (0.2; 95 % CI -0.2, 0.7), no 
significant worsening in WOMAC pain 
(-0.5, 95 % CI -1.7, 0.8), no significant 
worsening in WOMAC physical 
function (0.3; 95 % CI -3.8, 4.4). 







American Knee Society 
score 
OKS 





(2-3 wk prior to 
surgery) 
BMI GP referral to 
orthopaedic 
consultation 9.8 
months (range 1.8 - 
14.2) (approx. 298.1 
days) 
Orthopaedic 
consultation to surgery 
13.3 months (range 
9.1 - 22) (approx. 
404.5 days) 
Statistical significance level: p < 0.05 
American Knee Society score:  
Function: significant deterioration from 
measurement point 1 - 2 (p = 0.005) & 
1 - 3 (p = 0.006). No change between 
assessment points 2 - 3. 
Pain: improved significantly from 1 - 2 
(p = 0.011). No change between 
assessment points 1 - 3 (p = 0.49). No 
change between assessment points 2 - 
3 (p = 0.24). 
Significant deterioration in total 
American Knee Score (pain & function) 
observed only between assessment 2 
and 3 (p = 0.018). 
OKS: statistically significant change 
from assessment point 1 - 3 (p = 0.044). 
No change between assessment points 
2 - 3 (p = 0.30). 
All correlation 
coefficients were small 
and non significant.  
BMI > 30 illustrated 
greater changes in 
scores (correlation BMI 
with change in the 
American Knee Society 
function scores). 
Vuorenmaa et 
















- 10 months (± 8) 
(approx. 304.2 days) 
Statistical significance level: p < 0.05 
No significant changes in pre-
operative pain and muscle strength. 
3 months post-operative: Knee 
extension of the operated leg was 26 
% weaker compared to when listed for 








Factors checked for 
association 
Waiting time Results Results on factors for 
association 
 than the non-operated knee at follow-
up (p < 0.001). Knee flexion of 
operated knee had weakened by 12 % 
(p = 0.037).  
FAS: balance at baseline 
demonstrated the greatest difficulty. 
Follow-up appointments showed only 
small changes in functional abilities (< 
1). 
aStudy also included total hip replacement participants, which will not be reported in this review. bOxford Knee Scoring – 12 (least difficulty) to 60 (most difficulty). cResults also include patients awaiting hip 
replacement. AQoL: Assessment of Quality of Life; QoL: Quality of life; THR: Total Hip Replacement; CI: Confidence Interval; WOMAC: The Western Ontario and McMaster Universities Osteoarthritis Index; K10: 
Kessler Psychological Distress Scale; ES: Effect Size; UK: United Kingdom; RF: Role Physical; RCT: Randomised Controlled Trial; 15D: 15 Dimensional; MCID: Minimal Clinically Important Difference; MQS: 
Medication Quantification Score; MH: Mental Health; RE: Role Emotional; OKS: Oxford Knee Score; PF: Physical Functioning; GH: General Health; VAS: Visual Analogue Scale; GP: General Practitioner; FAS: 




This systematic review included nine articles focusing on the effect of waiting time on 
physical function of people undergoing TKA. Pooling of study data appears to show 
conflicting evidence regarding the natural course of physical function while waiting for 
TKA.  
The Tooth checklist offered important criteria to indicate the quality of reporting 
observational, longitudinal research and the included studies presented an average 
rating of 21 out of 33. The main (most frequently occurring) limitation amongst the 
included papers had been a lack of information on whether biases were estimated 
quantitatively (nine out of nine). This limitation was closely followed (seven out of nine) 
by the fact that the number of participants had not been justified. Additionally, 
information was lacking on whether consenters were compared with non-consenters; 
confounders were accounted for in analyses, and missing data was accounted for in 
the analysis (seven out of nine). Further, some of the included papers (six out of nine) 
lacked discussion regarding the generalisability of their findings beyond the target 
population. However, the quality of the studies included in this review was comparable 
to those reviewed by Hoogeboom et al. (2009). 
The United Kingdom (UK) government attempts to improve the quality of care for 
individuals suffering from chronic diseases (McHugh et al. 2008b). National Health 
Service (NHS) England and the Clinical Commissioning Groups (CCGs) have made 
a legal promise that individuals have the right to start a non-emergency consultation-
led treatment within a maximum of 18 weeks from referral (NHS 2016). Clearly, the 
UK offers accelerated access, involving an average of 107 days from orthopaedic 
consultation to surgical intervention (The Patients Association 2015), for people 
suffering severe knee OA compared to other countries. Nevertheless, post-operative 
recovery may be improved by pre-surgery care and accordingly, by the knowledge of 
the natural course of physical function in people awaiting knee joint replacement 
surgery.  
People with knee OA normally suffer from increased pain, functional limitations and 
loss of health-related quality of life (HRQoL) for several years before eventually 
undergoing TKA (Desmeules et al. 2010). However, even though people may 
experience restrictions for years, research papers selected for this review were able 
to detect a decline in physical function during the waiting period while listed for 
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surgery, by comparing responses associated with short and long waiting times. 
Nevertheless, the majority of the included studies based their findings on self-reported 
outcomes with only two research papers utilising objectively determined measures of 
physical function to monitor participants’ potential physical deterioration. An 
interesting issue described in the contemporary literature is that responses to patient-
reported assessments focusing on functions of the lower-extremity, were influenced 
not only by an individual’s capability but also by the pain he/she experiences when 
doing them (Stratford and Kennedy 2006). Even though it is possible that this 
phenomenon has an impact on most, if not all, patient-reported instruments of 
physical function, it has predominantly been observed in the WOMAC (Parent and 
Moffet 2002; Stratford and Kennedy 2006). In addition, self-reported instruments are 
more prone to exposure error, due to individuals over- or underestimating their true 
functional capability (Schenkman et al. 2002; Stevens-Lapsley et al. 2011). 
Although some of the studies observed a statistically significant deterioration in 
reported physical function while waiting for knee joint replacement surgery, this may 
not have reached a clinically significant level in every case. The research conducted 
by Kapstad et al. (2007) detected small alterations in physical function, yet the mean 
changes on the WOMAC scale were less than 10 %, which has been defined as the 
clinically important difference (Ehrich et al. 2000). Further, participants in the study by 
Ackerman et al. (2011) had to wait more than six months for their TKA. Over this 
period individuals experienced small deteriorations in the overall WOMAC score, 
which were unlikely to be clinically significant (Ackerman et al. 2011). However, most 
participants reported that pain, fatigue, QoL, and confidence in managing their health 
had worsened from the meeting with the consultant to the final date of the operation. 
Notably, despite the fact that participants in the latter cited study had significant levels 
of comorbidity (i.e., rheumatoid arthritis, back pain, osteoporosis, fibromyalgia, 
previous joint arthroplasty, hypertension, diabetes, coronary artery disease, asthma, 
anxiety, depression and cancer), individuals still experienced a decline in their health 
while awaiting surgery. In addition, potential pre-surgical deterioration may have been 
missed in the study of McHugh et al. (2008b), which delayed baseline assessments 
by approximately four to six weeks from when participants had been placed on the 
waiting list. 
Another reason for the small deterioration identified in some of the studies may be the 
negative (first) and positive (second) skewed evaluations. Considering that patients 
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need to wait for an extensive period of time before TKA, it might be argued that the 
results of patient-reported baseline measurements could have been influenced by the 
participants exaggerating their symptoms in the hope of influencing their position on 
the waiting list. In addition, some participants who’d been listed for surgery with severe 
symptoms, may have had the perception of their health being positively influenced by 
confirmation of the decision to operate and concomitant assessments at admission 
for surgery, and thus, an assurance of treatment (Nilsdotter and Lohmander 2002). 
The prospective cohort study by Desmeules et al. (2010) observed a significant 
deterioration of participants’ condition in terms of knee function, pain, contra-lateral 
knee pain and HRQoL during pre-surgical waiting time. The participants who had 
waited 9 to 12 months, demonstrated the largest changes. Interestingly, post-hoc 
analyses showed that the group waiting more than 12 months presented smaller 
changes and deterioration compared to the group waiting 9 to 12 months. A possible 
explanation for this result may be a response-shift in participants having to tolerate a 
very long waiting time. The study by Desmeules et al. (2010) is the only study to have 
also assessed functional changes associated with the contra-lateral knee. WOMAC 
pain scores for the non-operated knee showed statistical and clinically significant 
deterioration in people waiting more than six to nine months (10.4 %) and more than 
12 months (10.7 %). Although, the study conducted by Desmeules et al. (2010) lost 
very few participants to follow-up (6 %), the wide confidence intervals reported in this 
paper need to be viewed with caution as the precision of some estimates may have 
been low.  
Ahmad and Konduru (2007) identified a significant worsening in physical function 
while participants waited for surgery. Interestingly, even though this research did not 
identify a correlation between gender and the rate of functional decline, this study 
showed that functional status of younger participants deteriorated at a faster rate than 
older individuals. This finding is supported by a recently conducted review (Bastick et 
al. 2015), which highlights that a lower age at baseline promotes a higher risk of OA 
symptom regression. Further, this review shows that a higher baseline age is 
associated with an increased risk of knee joint replacement surgery due to knee OA. 
As most of the included studies based their findings on self-reported outcomes, it 
could be argued that deterioration in other clinically meaningful aspects of physical 
function may have been missed due to the use of predominantly patient-reported 
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instruments. Pace et al. (2005) and Vuorenmaa et al. (2008) were the only studies 
located that objectively determined changes in physical function during a prolonged 
pre-operative waiting time, with both papers reporting similar results. Pace et al. 
(2005) employed the American Knee Society score as a measure of knee status (knee 
pain, stability, range of movement and functional score) and identified no significant 
functional change. Vuorenmaa et al. (2008) used the FAS to evaluate pain and 
function and a dynamometer to measure flexor and extensor muscle strength. The 
authors observed that muscle strength and knee pain remained relatively stable over 
a 10-month waiting time. The FAS identified that balance performance during single 
leg standing was the greatest problem for participants at baseline evaluation. 
However, follow-up appointments showed only small changes in functional abilities. 
Even though the study conducted by Vuorenmaa et al. (2008) evaluated physical 
function using objective measurements it is possible that the FAS may have been not 
sensitive enough to detect changes over time. The FAS is a 20-item assessment 
system for the evaluation of lower-extremity dysfunction and while most psychometric 
properties have been established (Öberg et al. 1994; 1997), instrument 
responsiveness has not yet been evaluated. In addition, the study’s sample size was 
relatively small, suggesting that it was likely to have insufficient statistical power and 
an inflated type II error rate. 
Compared to the two studies by Pace et al. (2005) and Vuorenmaa et al. (2008), the 
excluded case study by Struessel et al. (2013) highlights a precipitous decline in 
muscle strength (46.7 % in quadriceps and 26.1 % in hamstring strength) and function 
(indicated by greater duration of physical performance tests: 79.3 % timed up and go 
test, 30.7 % stair climbing test, 133 % in the timed 100 foot walk test) following an 
unexpected surgical waiting time of six months. In this example, the greatest 
proportion of physical decline occurred in the last three months pre-surgery. 
Interestingly, had the scheduled surgery been on time, strength and function would 
have been comparable to the authors’ cohort group (within one standard deviation 
[SD]).  
The study by Pace et al. (2005) is notable for being the only one to have taken into 
account the waiting time from GP referral to orthopaedic consultation. This study 
showed a significant deterioration in function and pain between these two time points, 
whereas no significant changes occurred in the epoch between orthopaedic 
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consultation and surgery. Clearly, the question arises as to whether more emphasis 
should be placed on this period of time between GP referral and orthopaedic review.  
The current review contributes to the literature the most comprehensive aggregation 
of the latest published evidence pertaining to the effect of waiting time on physical 
function of people undergoing TKA due to severe knee OA. The strength of this 
systematic review is its inclusive approach in identifying appropriate literature. 
Hoogeboom et al. (2009) published a systematic review involving eight studies of 
knee arthroplasty based on published evidence up to June 2008. Although, our 
systematic review updated this evidence in the time period (search period until 
November 2015), only one more additional study was found. Nevertheless, our review 
conforms with the findings of the review conducted by Hoogeboom et al. (2009) in 
that, a lack of consensus remains regarding waiting time effect on self-reported 
physical function. Further, with only a few studies including objective measures of 
physical function such as muscle strength and functional abilities, the level of physical 
performance-based deterioration is unclear. Neuromuscular performance capabilities 
are altered significantly in people suffering from arthritis, and impairments are evident 
pre-operatively (Thewlis et al. 2014). Accordingly, it is still not known whether 
neuromuscular changes occurring pre-operatively have an impact on post-operative 
clinical impairments. A sufficient insight into the natural course of the disease 
progression is important to design patient-specific and relevant intervention 
programmes, which may have the potential to accelerate recovery post-surgery. 
There is general agreement that self-reported outcome measures of physical function 
correlate weakly with objective measures (Kennedy et al. 2005; Kennedy et al. 2006; 
Terwee et al. 2006a). In addition, there is compelling evidence that pain has an impact 
on patient-reported function (Terwee et al. 2006a). Choosing the most appropriate 
outcome instruments that exhibits validity, reliability and sensitivity to changes over 
time is crucial. Multiple outcome instruments incorporating self-reported and objective 
measure of function would allow a better depiction of disease progression and may 
possibly be able to control for potentially skewed evaluations.  
2.1.4.1 Limitations of the systematic review 
There are several factors that must be considered with respect to the conclusions that 
can be drawn from this review. First, although a comprehensive literature search for 
eligible studies was conducted, there is a chance that a relevant study may not have 
been located. Further, the study search and the study selection was performed only 
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by the main author, which potentially introduced a source of bias. This review focused 
on patients receiving TKA with diagnosed knee OA. Therefore, it is not clear the extent 
to which these findings are generalisable with regard to the effect of waiting time on 
people undergoing similar surgery due to other knee joint pathologies. Another 
limitation is that the authors (MP and NG) utilised the Tooth checklist for the quality of 
reporting within the included studies. The definitions of some of the criterion were not 
explicit enough to avoid different interpretations by the authors. However consensus 
was reached within one meeting. Nevertheless, a quality assessment tool with a 
discrete rating system would support researchers in assessing the methodological 
quality of longitudinal studies and thus enable comparison with other papers. Further, 
this review was not able to control for potential effects caused by different health care 
systems applied pre-surgery.  
2.1.5 Conclusion  
This systematic review illustrates that there is still conflicting evidence with regards to 
the effect of pre-surgery waiting time on physical function of people undergoing TKA. 
Based on the growing demand for knee joint replacement surgeries, further high-
quality studies are warranted, which incorporate performance-based measures in 
addition to self-report outcomes. This would better elucidate the level of physiological 
de-conditioning and deterioration of physical function prior to TKA surgery.  
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2.2 Pre-surgery exercise and post-operative physical function of people 
undergoing knee replacement surgery. A systematic review and meta-analysis 
of randomised controlled trials. 
The content of this chapter has been published as systematic review with meta-
analysis in the ‘Journal of Rehabilitation Medicine’ (Peer et al. 2017).  
2.2.1 Introduction 
Total knee arthroplasty is an elective surgical procedure, which is performed when 
normal function of the knee is limited by disease (Magee et al. 2009; NHS Scotland 
2009). This orthopaedic operation is a cost-effective intervention for patients suffering 
from advanced knee OA (Dakin et al. 2012) with a cost-effectiveness ratio ranging 
from €1,276 to €15,544 (latter figure reflects current exchange rate) per quality-
adjusted life year gained (Navarro et al. 2008; Losina et al. 2009). However, the costs 
of surgery and subsequent rehabilitation generate a growing economic burden on 
healthcare systems globally (March and Bagga 2004; Maravic and Landais 2006). 
Patients experience reduced pain symptoms, improved perceived function and 
HRQoL following TKA surgery (Ethgen et al. 2004; March and Bagga 2004). 
Nevertheless, they often have considerably impaired muscle strength (Hassan et al. 
2001; Ethgen et al. 2004; Valtonen et al. 2009; Maffiuletti et al. 2010; Zeni and Snyder-
Mackler 2010; Vahtrik et al. 2012), postural stability (Jan et al. 2008), and knee joint 
proprioception (Hurley et al. 1997; Hassan et al. 2001; Tarigan et al. 2009). Full 
recovery of muscle strength and physical function to a normal level is rare (Valtonen 
et al. 2009; Maffiuletti et al. 2010) and impairments may persist several years after 
surgery (Huang et al. 1996; Walsh et al. 1998; Berth et al. 2002; Silva et al. 2003). In 
addition, these impairments can lead to reduced balance and movement control (Piva 
et al. 2010; Rätsepsoo et al. 2011) and a greater risk of falling (Swinkels et al. 2009; 
Rätsepsoo et al. 2011). Neuromuscular performance capabilities are altered 
significantly in people suffering from arthritis, and impairments are evident pre-
operatively (Thewlis et al. 2014). Alterations in neuromuscular performance may take 
the form of inhibition (Palmieri et al. 2004a; Palmieri et al. 2004b; Rice and McNair 
2010) or aberrant facilitation (Palmieri et al. 2004b) of the unaffected musculature 
surrounding an injured joint, and have been particularly observed as weakness of the 
quadriceps muscles (Rice and McNair 2010).  
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The beneficial effects of exercise are well documented, and international guidelines 
recommend exercise as a treatment to reduce pain and improve physical function in 
patients with OA (Jordan et al. 2003; Fransen and McConnell 2008; Fransen and 
McConnell 2009; Zhang et al. 2010). However, specific guidelines regarding optimal 
dosage of exercise mode, frequency, duration and intensity are still elusive (Jordan 
et al. 2003; Bennell and Hinman 2011). Pre-operative physical function (including 
muscular function indices) has been identified as the strongest determinant of post-
operative pain and functioning (Jones et al. 2003; Lingard et al. 2004; Mizner et al. 
2005c). Consequently, beneficial exercise-mediated effects on pain and function in 
patients with OA have provoked interest in pre-operative exercise intervention 
programmes. Reducing clinical impairments apparent prior to surgery might facilitate 
the ultimate goal of improving post-surgical function and accelerating recovery. 
Recent systematic reviews and meta-analyses agree there is no definitive evidence 
as to whether a pre-operative exercise programme accelerates post-surgical recovery 
of physical function (Wallis and Taylor 2011; Hoogeboom et al. 2012; Gawel et al. 
2013; Simmons and Smith 2013; Kwok et al. 2015). These reviews focused on the 
effect of certain types of strengthening, flexibility, aerobic or balance exercise, 
however precise exercise prescription information pertaining to physiological stress 
and dosage within the included studies was either missing or inconsistently reported. 
Incomplete information about dosage inevitably hinders understanding of response 
characteristics. The literature suggests that the intervention exercise programmes are 
likely to have varied substantially in the type of exercise, intensity, frequency, duration 
and verification of its delivery.  
The aim of this systematic review and meta-analysis was to evaluate post-operative 
effectiveness and dose-response characteristics (as appropriate, depending on the 
availability of evidence) of specific pre-operative exercise programmes, which 
detailed the applied physiological stress (i.e., mode, frequency, intensity and duration) 
in people undergoing TKA. The review addresses a knowledge gap regarding optimal 
exercise’ types and dosages as previous reviews have not explicitly evaluated 
dosage-response (Wallis and Taylor 2011; Hoogeboom et al. 2012; Gawel et al. 2013; 
Simmons and Smith 2013; Kwok et al. 2015). Evidence from this review will facilitate 
understanding of the benefit and the hierarchy of importance of particular pre-





2.2.2.1 Data sources 
A comprehensive review of the existing literature was undertaken using the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. 
Five bibliographic databases were searched for results published before January 
2015: CINAHL; Cochrane Library; PubMed; SPORTDiscus; and EMBASE. For each 
database, individual and comprehensive search strategies were constructed using 
subject-heading mapping. The literature search included search terms such as: knee, 
joint, arthroplasty, replacement, exercise, physiotherapy, prehabilitation, 
rehabilitation, neuromuscular, sensorimotor, pre-operative and post-operative. All 
terms were searched as keywords (MeSH) and/or text words. In order to identify 
RCTs, the following search terms were used: randomised controlled trials, clinical 
trials, placebo, control* and random*. One reviewer (M.P.) identified and screened 
relevant titles and abstracts following the systematic literature search. Consensus on 
the inclusion of the study by Gstöttner et al. (2011) was reached by discussion 
between two reviewers (M.P. and N.G.). 
2.2.2.2 Study selection 
Publications were eligible if: (i) the post-operative effect of an exercise-based 
prehabilitation programme was assessed; (ii) the study provided full description of 
physiological stress applied during the intervention; (iii) physical function was 
evaluated (self-reported and performance-based); (iv) all participants were diagnosed 
with OA (in one or both knees) and awaiting TKA (trials including people with knee 
and hip OA, separate data on the knee were available); (v) the study was written in 
English or German; and (vi) a RCT compared an exercise intervention with no-
intervention or standard treatment. The exercise-based rehabilitation programme was 
defined as a specific, land-based, lower extremity activity that was applied for more 
than one session including strengthening, flexibility, neuromuscular, proprioception 
and/or aerobic activities.  
2.2.2.3 Data extraction 
Data extraction from published data was performed (by M.P.) and if required, authors 
were contacted for further information. Customised data extraction forms were used 
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to systematically collect information on the exercise type; duration; intensity; 
frequency; number of supervised sessions and programme compliance. 
2.2.2.4 Assessment of risk of bias 
Methodological quality of the included articles was assessed using the original 11-
item criteria of the Physiotherapy Evidence Database (PEDro) scale (Sherrington et 
al. 2000). Based on previous reviews (Valkenet et al. 2011; Gill and McBurney 2013), 
the methodological quality rating system was interpreted as follows: a PEDro score of 
nine or more indicated ‘excellent’ quality, six to eight ‘good’ quality, four to five ‘fair’, 
and less than four indicated ‘poor’ quality.  
2.2.2.5 Quantitative data synthesis 
Meta-analysis was completed for studies with similar physical function outcomes and 
involving interventions with comparable conditioning dosage. The meta-analysis was 
conducted using the ‘metan’ procedure in Stata (Stata Statistical Software 2013, 
College Station, TX: StataCorp LP). Raw mean post-intervention inter-group 
differences were employed, as the outcome measures were the same. Statistical 
significance level was set at p < 0.05. The study ES was calculated from the raw mean 
difference between groups and the associated pooled SD using Hedges’ g (g) (0.20, 
0.50, > 0.80 for small, moderate and large changes respectively [Hedges and Olkin 
1985]). From the study pooled SD, the inverse of the variance provided the study 
weight (and thus the percentage study weight). A qualitative review of studies was 
performed when evidence could not be pooled. 
2.2.3 Results 
2.2.3.1 Study selection 
The literature search yielded 6,799 references, of which 67 were unique trials. Twelve 
studies were identified as potential candidates, but only three papers satisfied all 
criteria including description of exercise mode and physiological stress: Gstöttner et 
al. (2011) (n = 38), McKay et al. (2012) (n = 22) and Van Leeuwen et al. (2014) (n = 
22). Although nine candidate studies (D’Lima et al. 1996; Beaupre et al. 2004; Rooks 
et al. 2006; Williamson et al. 2007; Evgeniagis et al. 2008; Brown et al. 2012; Huang 
et al. 2012; Tungtrongjit et al. 2012; Matassi et al. 2014) included information on the 
intervention duration and frequency and the intensity applied was either not stated at 
all or not in sufficient detail, which is necessary to replicate an intervention programme 
  
40 
(American College of Sports Medicine 2010). Most of the information from these nine 
excluded articles has been described in previously conducted reviews (Wallis and 
Taylor 2011; Hoogeboom et al. 2012; Gill and McBurney 2013; Simmons and Smith 
2013; Kwok et al. 2015) and their results are therefore not reported here. As such, 
these studies will only be used to contextualise the findings of this review. Additionally, 
the Villadsen et al. (2014) study was excluded as it included patients with knee and 
hip OA but did not provide separate hip and knee raw data. Figure 2.2 schematically 




6,780 records were identified by the literature 
search (913 in PubMed, 974 in EMBASE, 922 
in the Cochrane Library, 3904 in CINAHL, and 
67 in SPORTDiscus) 
19 potential additional records identified 
through other sources including hand 
searching, Google Scholar 
 
5,842 records after duplicates removed 
 
5,775 records were excluded since on the basis 
of abstract and title they were not a RCT or did 
not evaluate exercise for people undergoing knee 
arthroplasty surgery 
 
67 full-text articles were assessed for eligibility 
 
64 full-text articles were excluded 
18 articles were not RCT 
4 articles assessed the effect of an educational 
intervention 
12 articles applied a post-operative intervention 
programme 
9 articles included insufficient information on 
exercise prescription 
2 articles did not use a pre-exercise intervention 
programme 
4 articles were study protocols without results  
1 article did not assess participants post-
operative 
1 article did not mention assessment points 
1 article combined land based and pool based 
exercises 
1 article was not in English or German language 
2 articles included patients with rheumatoid 
arthritis 
1 article included patients undergoing 
unicompartmental knee replacement 
1 article was a summary of an excluded article 
1 article included patients with knee and hip OA 
but separated data on the knee were not 
available 
2 articles were conference presentations 
3 articles had mixed interventions without 
sufficient exercise prescription 
1 article used individual exercise programmes 
without sufficient information 
 
3 full-text articles included 
Figure 2.2 Flow chart of the identification of trials for inclusion in the meta-




2.2.3.2 Risk of bias within studies 
PEDro scores ranged between five and seven out of a possible maximum total of 10 
points. Two of the three studies have ‘good’ methodological quality, with PEDro 
scores of six (Gstöttner et al. 2011) to seven (McKay et al. 2012). As it was not 
possible to blind the participants or the therapist from the intervention programme, all 
studies scored zero for these criteria. Table 2.4 provides detailed information on the 
methodological quality of the studies.  
Table 2.4 Methodological quality of included RCTs. 
Author, Year Pedro Criterion   
 1 2 3 4 5 6 7 8 9 10 11 Total 
Gstöttner et al. (2011) ✓ ✓ ✓ X X X X ✓ ✓ ✓ ✓ 6 
McKay et al. (2012) ✓ ✓ ✓ ✓ X X X ✓ ✓ ✓ ✓ 7 
Van Leeuwen et al. (2014) ✓ X X ✓ X X ✓ ✓ X ✓ ✓ 5 
             
Note: Pedro Scale:             
1. Eligibility criteria were specified 
2. Subjects were randomly allocated to groups 
3. Allocation was concealed 
4. The groups were similar at baseline 
5. There was blinding of all subjects 
6. There was blinding of all therapists 
7. There was blinding of all assessors 
8. Measures of at least 1 key outcome were obtained from more than 85 % of the subjects 
9. Subjects for whom outcome measures were available received the treatment or control condition 
10. Results of between-group statistical comparisons are reported 
11. The study provides both point measures and measures of variability 
Criterion 1 is not included in the total score 





2.2.3.3 Participant characteristics  
The mean age of participants in the included studies was 67.5 years (range 60.6 - 
72.8 years) and the mean BMI was 30.0 kg·m-2 (range 27.4 - 35.0 kg·m-2). In addition, 
on average 59.2 % were women (range 30.0 % - 88.8 %). All studies included 
participants diagnosed with severe knee OA except for the trial conducted by McKay 
et al. (2012), which does not indicate the degree of OA severity.  
2.2.3.4 Content and design of interventions  
Pre-operative intervention exercise programmes were based on isotonic resistance 
and proprioception training. Table 2.5 summarises the exercise modalities and 
outcome measurements employed. McKay et al. (2012) and Van Leeuwen et al. 
(2014) based their intervention programmes on bilateral quadriceps strength 
exercises. Both studies started their exercise programmes six weeks prior to surgery. 
McKay et al. (2012) delivered the programme three days per week (d·wk-1) using two 
sets of eight repetitions, whereas participants in the study by Van Leeuwen et al. 
(2014) performed the programme 2 to 3 d·wk-1, starting with 3 sets of 15 repetitions. 
Van Leeuwen et al. (2014) commenced their programme by systematically adjusting 
participants’ exercise load according to their ability to perform 3 sets of 15 repetitions 
with a selected weight. If participants performed more or less than 15 repetitions, then 
the weight for the next set was modified by approximately three per cent (%) per 
repetition. This study avoided one repetition maximum (1 RM) testing, due to 
potentially adverse pain responses, which could have led to early withdrawal from 
training. Over time, the training programme ensured a progressive overload by 
decreasing repetitions and increasing weight intensity. However, the study by Van 
Leeuwen et al. (2014) did not report participants’ exact intensity level upon completion 
of the training regime. In total, the resistance-training group completed 12 ± 2 training 
sessions (range 11 - 17 sessions) and finished the programme with four sets of eight 
repetitions. Three participants out of 11 participants in the intervention group required 
small changes to their intensity level due to pain but detailed information regarding 
these changes was not reported. The study by McKay et al. (2012) started the training 
regime at 60 % of participants’ 1 RM and progressed intensity by one to two 
kilogrammes per week (kg·wk-1). All participants demonstrated training progression 
from baseline to follow-up, with average increases in the maximum training load of 33 
% (range 17 % - 67 %) for leg press, 49 % (range 0 % - 113 %) for leg curl and 86 % 
(range 0 % - 167 %) for leg extension. Similar to the study by Van Leeuwen et al. 
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(2014) the research by McKay et al. (2012) did not provide the exact level of 
participants’ training intensity when completing the intervention. 
Gstöttner et al. (2011) based their intervention programme on bilateral proprioception 
training six weeks prior to surgery. Each exercise was performed 10 to 15 times and 
the programme progressed from performances on the hard floor to different mats of 
varying height and material compliance characteristics. In addition, the exercises 
started with eyes open and were repeated with eyes closed. However, the trial by 
Gstöttner et al. (2011) does not report further details on how many people were able 
to progress and to what level.  
In addition to their supervised interventions, two of the trials also encouraged their 
participants to perform exercises at home (Gstöttner et al. 2011; Van Leeuwen et al. 
2014). Participants in the Van Leeuwen et al. (2014) study completed step-up and 
squat exercises 2 to 3 d·wk-1, however number of repetitions and participant 
adherence were not provided. The study by Gstöttner et al. (2011) engaged 




Table 2.5 Content and design of interventions.  
Study Participant 
characteristics 
(n, Age (years) 
[Mean ± SD]; 
BMI (kg·m-2) 





































n = 38 
TG: n= 18, Age: 
72.8 (range 65 - 
78 years); BMI: 
averaged 27.4. 
CG: n= 20, Age: 
66.9 (range 61 - 












Warm up: 5 - 10 min 
heel, toe and fast-
paced walking; 






muscles & abductor 
muscles, each side 3 x 
for 20 s.  
Proprioceptive training 
(barefoot) bilateral 
exercises starting with 
eyes opened and 
repeated by eyes 
closed: forward/back 
slide, step 
forward/back 10 - 15 x 
- with gradually 
increasing speed and 
ROM, single leg stand 
- maintain for 10 s, 
squats - maintain for 
10 s. 
Progression: hard floor 
to different mats of 
varying heights and 
compliance 
characteristics  









60 m walk test 








(n, Age (years) 
[Mean ± SD]; 
BMI (kg·m-2) 




































n = 22 
TG: n= 10, Age: 
63.5 ± 4.9; BMI: 
35.0 ± 6.1 
CG: n= 12, Age: 
60.6 ± 8.1; BMI: 

















Lower body resistance 
training  
Warm up: 10 min 








calf raise (only with 
body weight), seated 
leg press, leg curl, 
knee extension. 
2 x 8 reps 
Intensity: Starting at 
60 % of their 1 RM 
Progression: from 60 
% of their 1 RM 
























2 x 8 reps 
Intensity: 
Starting at 60 % 
of their 1 RM 
Progression: 
from 60 % of 
their 1 RM 
increase by 1 - 2 
kg·wk-1 
TG: 98 % 




50 feet walking test 










(n, Age (years) 
[Mean ± SD]; 
BMI (kg·m-2) 







































n = 22 
TG: n = 11, Age: 
71.8 ± 7.5; BMI: 
27.9 ± 4.6 
CG: n = 11, 
Age: 69.5 ± 7.1; 










PT 2 - 3 d·wk-1 
for 6 weeks 










Standard training plus 
bilateral high intensive 
resistance training (leg 
press 1-leg, step up 1-
leg, squat and leg 
extension 1-leg) 
Intensity: not 1 RM, 
weights were adjusted 
to the patients’ abilities 
in relation to the 
number of repetition. 
First training (3 x 15 
reps), if either more or 
less than 15 reps were 
performed, the weight 
for the next set was 
adjusted with ~ 3 % 
per repetition. 
Progression: 
Week 1: 3 x 15 reps 
Week 2: 3 x 12 reps 
Week 3: 4 x 12 reps 
Week 4: 3 x 10 reps 
Week 5: 4 x 10 reps 






training on how 

























5 x sit to stand 
6 min walk test 
Stair climb test 
(ascent/descendent) 
WOMAC 
n: Number of participants randomised to each group; SD: Standard deviation; TG: Treatment group; CG: Control group; PT: Physical therapist; WOMAC: The Western Ontario and McMaster Universities Osteoarthritis 
Index; KSS: Knee Society Score; SF-36: 36-Item Study Short Form 36.  
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2.2.3.5 Synthesis of results 
The primary outcome of isometric quadriceps strength, as an established 
performance-based measure, offered by McKay et al. (2012) and Van Leeuwen et al. 
(2014) facilitated limited scrutiny by meta-analysis of the influence of pre-surgery 
conditioning on post-operative outcome. However, the secondary outcome measures 
from the studies included in this review, proved too varied to permit pooling of results 
and quantitative analysis by meta-analysis. Table 2.6 summarise Hedges’ g and 
confidence interval results for each self-reported outcome measurement used for 
assessing the relative effect between groups at pre-determined study’ end-points. 
Similarly, table 2.7 shows values of the objective instruments of each individual study. 
Results of the meta-analysis of the primary outcome (figure 2.3 and 2.4) revealed that 
compared to controls, prehabilitative exercise involving resistance training offered no 
additional gains in isometric quadriceps muscle strength at 6 and 12 weeks post-
operative. Effect size calculations (g) for secondary outcomes presented in table 2.6 
demonstrate that resistance training had small to moderate effects on the WOMAC 
(pain, function, total score) and SF-36 outcomes at six weeks and small to large 
effects at 12 weeks post-operative. Table 2.7 shows that ES for physiological 
measures (double torque, voluntary muscle activation, maximal voluntary torque) and 
physical performance measures of function (five times sit to stand test, stair climb test, 
six minute walk test, 50 foot walk test) illustrated small to moderate effects at week 
six and small to large effects at week 12 post-operative. 
Proprioceptive exercise training elicited significantly enhanced post-operative gains 
in function for indices of standing balance (overall and antero-posterior stability index) 
six weeks after surgery (table 2.7). Moderate ES for physical performance measure 
of function were observed (table 2.7). Similarly, moderate effects were observed for 
pain, function and stiffness subscales of the WOMAC, while small effects were seen 




Study WMD (95 % CI) % Weight 
Van Leeuwen et al. (2014) -0.090       -0.492     0.312 37.55 
McKay et al. (2012)  0.030 -0.282     0.342 62.45 
I-V pooled WMD -0.015       -0.261     0.213 100.00 
Test of WMD = 0 : z = 0.12 p = 0.905 
Figure 2.3 Forest plot of the effect of pre-surgery resistance training on 
isometric quadriceps muscle strength at six weeks post-operative. Weights are 
from a random-effects analysis. Effects are shown with 95 % confidence interval 





Study WMD (95 % CI) % Weight 
Van Leeuwen et al. (2014) -0.270       -0.741     0.201 49.72 
McKay et al. (2012)  0.030 -0.438     0.498 50.28 
I-V pooled WMD -0.119       -0.451     0.213 100.00 
Test of WMD = 0 : z = 0.70 p = 0.482 
Figure 2.4 Forest plot of the effect of pre-surgery resistance training on 
isometric quadriceps muscle strength at 12 weeks post-operative. Weights 
are from a random-effects analysis. Effects are shown with 95 % confidence 




Table 2.6 Relative ES (Hedges’ g) on resistance and proprioception training - self reported measures.a 
Study type Study Outcome 
measure  
Item Group Baseline  
Mean ± SD 
6 wk post-
operative 
Mean ± SD 
12 wk post-
operative 
Mean ± SD 
Hedges’ g 
6 wk 

















64 ± 11 
 
70 ± 16 
 
83 ± 15 
 
-0.63 -23.9, 5.9 
 
-0.86 -22.6, 2.6 
    CG 67 ± 11 79 ± 11 93 ± 4 
Resistance 
training  









10.80 ± 2.20 
 
5.60 ± 2.72 
 
4.40 ± 3.20 
 
 0.18  -2.9, 4.3 
 
  0.21   -3.3, 4.9 
    CG 11.92 ± 3.58 4.92 ± 4.50 3.58 ± 4.40 
  
WOMAC  Functiond TG 33.70 ± 11.80 18.10 ± 11.85 13.10 ± 11.56 -0.08 -14.3, 12.1 -0.09 -15.9, 13.5 
    CG 40.25 ± 4.99 19.17 ± 15.01 14.33 ± 15.42 
  
SF-36e,g PCSc TG 26.85 ± 7.01 31.79 ± 8.25 41.25 ± 10.06  0.27 -5.3, 9.2   0.65   -3.9, 16.8 
    CG 24.24 ± 4.52 29.80 ± 6.71 34.83 ± 9.78 
Proprioception 
training 









2.98 ± 1.6 
 
1.3 ± 1.1 
  
 0.31 -0.4, 1.04 
  
    CG 4.4 ± 1.9 0.98 ± 0.99  
  
WOMAC  Stiffnessf TG 3.1 ± 2.4 1.5 ± 1.5  
 0.26   -0.6, 1.4 
  
    CG 4.7 ± 1.6 1.1 ± 1.5  
  
WOMAC  Functionf TG 2.0 ± 1.4 1.2 ± 1.2  -0.64 -1.5, 0.1 
  
    CG 3.7 ± 1.8 1.9 ± 1.0  
  
KSSc  TG 55.5 ± 17.2 82.5 ± 19.2   0.10   -10.8, 14.6 
  
    CG 47.4 ± 6.9 80.6 ± 17.5  
 
 KSS Functionc TG 72.7 ± 15.1 74.3 ± 14.6   0.03 -10.3, 11.1 
  
    CG 70.6 ± 17.8 73.9 ± 15.9  
aThese figures are calculated on the assumption of sample independence without consideration of inflation and deflation. Values are represented as mean ± standard deviation. bWOMAC total score: 
pain, stiffness and function subscale. cScores were transformed to a 0 to 100 scale, where a 100 score indicates the best QoL.  dItems were rated using a 5-point Likert scale (0 to 4), with lower scores 
expressing lower symptom or disability level. eSF-36 PCS: 36-item Short Form Health Survey - physical component summary.  fItems were rated using a 11-point scale, with 0 indicating no symptoms or 
disability and 11 extreme symptoms or disability. gStudy included the Arthritis Self-efficacy scale and Short Form-36 mental component summary. The results of these measurements will not be mentioned, 




Table 2.7 Relative ES (Hedges’ g) on resistance and proprioception training - objective measures.a 
Study type Study Outcome measure Side Group Baseline 
Mean ± SD 
6 wk post-
operative 
Mean ± SD 
12 wk post-
operative 
Mean ± SD 
Hedges’ g 
6 wk 









et al. (2014) 





49 ± 13 
 
34 ± 10 
 
39 ± 12 
 
-0.09 -12.9, 10.9 
 
0 -13.9, 13. 9 
    CG 51 ± 19 35 ± 13 39 ± 14 
   Unaffected  TG 53 ± 12 50 ± 14 51 ± 16 
  0 -16.04, 16.04 0.07 -14.9, 16.9 
    CG 50 ± 15 50 ± 17 50 ± 13 
  Voluntary activation, %b Affected  TG 79 ± 13 79 ± 9  80 ± 10 
-0.67 -12.8, 2.8      -1.09 -19.9, -0.1 
    CG 80 ± 13 84 ± 4 90 ± 8 
   Unaffected  TG 75 ± 19 80 ± 13 83 ± 11 
 -0.74 -19.3, 3.3      -0.87 -17.9, 1.9 
    CG 84 ± 12 88 ± 6 91 ± 6 
  Maximum voluntary 
torque flexion, N·mb 
Affected  TG 40 ± 22 37 ± 18 42 ± 17 
  0.06 -17.1, 19.1      -0.40 -29.4, 13.4 
    CG 46 ± 25 36 ± 16 50 ± 23 
  Maximum voluntary 
torque flexion, N·mb 
Unaffected  TG 43 ± 29 47 ± 27 47 ± 26 
- 0.28 -37.7, 21.7     -0.31 -36.1, 20.1 
    CG 57 ± 33 55 ± 30 55 ± 26 
   5 x sit to stand test, sc  TG 12.6 ± 2.6 13.3 ± 3.4 11.8 ± 1.8 
 0.26    -2.4, 4.03      0.60   -0.8, 2.8 
    CG 12.3 ± 2.7 12.5 ± 2.5 10.8 ± 1.5 
  Stair climb test, sc  TG 12.4 ± 3.1 20.9 ± 10.8 12.8 ± 3.4 
 0.34    -6.8, 13.4     -0.50 -4.1, 1.5 
    CG 12.9 ± 3.8 17.6 ± 7.5 14.1 ± 0 
  6 min walk test, mb  TG 453 ± 81 380 ± 109 456 ± 62 
-0.60 -165.9, 45.9     -0.72 -142.3, 28.3 





Study type Study Outcome measure Side Group Baseline 
Mean ± SD 
6 wk post-
operative 
Mean ± SD 
12 wk post-
operative 
Mean ± SD 
Hedges’ g 
6 wk 








McKay et al. 
(2012) 
 






16.88 ± 16.14 
 
14.23 ± 7.55 
 
11.80 ± 5.66 
 
0.20   -4.4, 6.7 
 
 -0.005  -4.5, 4.4 
    CG 14.21 ± 5.36 13.11 ± 3.30 11.82 ± 2.97 
  Stair climb test, sc  TG 34.53 ± 29.51 30.53 ± 24.85 26.99 ± 26.73 
0.20 -14.8, 22.4   0.25    -15.1, 24.7 





60m, sc   
TG 
 
53.5 ± 18.2 
 
56.8 ± 17.7 
  
0.36     -4.6, 14.6 
  
    CG 50.5 ± 11.8 51.8 ± 9.9  
  Stairs climb test - ascend, sc  TG 29.0 ± 11.6 33.8 ± 13.8  
0.34    -3.9, 11.5 
  
    CG 28.3 ± 5.3 30.0 ± 8.4  
  Stairs climb test - descend, sc  TG 25.1 ± 9.1 34.6 ± 17.4  
0.31    -5.3, 13.7 
  
    CG 24 ± 7.8 30.4 ± 10.2  
  OSIc  TG 3.1 ± 1.4 2.2 ± 0.7  
-1 -1.2, -0.2 
  
    CG 3.4 ± 0.93 2.9 ± 0.7  
  APSIc   TG 2.5 ± 1.0 1.7 ± 0.4  
-1.15 -0.9, -0.2 
  
    CG 2.6 ± 0.7 2.3 ± 0.6  
  MLSIc  TG 2.1 ± 1.1 1.6 ± 0.7  
-0.47 -0.7, 0.1 
  
    CG 2.3 ± 0.8 1.9 ± 0.6  
aThese figures are calculated on the assumption of sample independence without consideration of inflation and deflation. Values are represented as mean ± SD. bHigher score indicates better results. cLower score 






This systematic review located three RCTs focusing on the effect of pre-operative 
exercise (which described the applied physiological stress sufficiently) on post-
operative TKA function. Pooling of studies’ data indicate that the trials presented 
expected patterns for perceived functional recovery following TKA. Physiological 
measures and physical performance measures of function demonstrated anticipated 
functional decline six weeks post-surgery and tendency of improvement at week 12. 
However, prehabilitative exercise involving resistance training offered no additional 
gains in isometric quadriceps muscle strength at 6 and 12 weeks post-operatively but 
prehabilitative exercise involving proprioceptive training elicited significantly 
enhanced post-operative gains in function for indices of standing balance.  
Overall the included studies demonstrated ‘good’ methodological quality according to 
the PEDro scale with the main limitation being lack of blinding of participants and 
therapists. In addition, two of the studies were not able to blind the assessors; 
potentially presenting a source of bias which may have influenced study findings. 
However, the sample sizes of the included studies were relatively small, indicating 
that they may have insufficient statistical power to prevent occurrence of a type II error 
and identify subtle changes in physical function. A further factor that may have 
influenced the results in the studies on resistance training is that both studies (McKay 
et al. 2012; Van Leeuwen et al. 2014) allowed their control group to perform exercises. 
Even though a placebo intervention would have been ideal, a study design involving 
a credible non-exercise control group was deemed unrealistic by the authors. This 
option may have potentially prevented functional decline in the control group during 
the pre-operative period as observed in previous studies (Rooks et al. 2006; Topp et 
al. 2009; Swank et al. 2011). Another methodological limitation of the included studies 
was that although the papers detailed the applied physiological stress (i.e., mode, 
frequency, intensity and duration) of pre-operative exercise programmes, 
heterogeneity of exercise type and intensity, as well as lack of information regarding 
verification of exercise delivery hindered further analysis that might delineate a 
possible dose-response relationship.  
2.2.4.1 Resistance training 
Quadriceps strength is one of the largest contributing factors to physical function of 




however, the pre-operative resistance training applied in the studies reviewed here 
failed to demonstrate beneficial effects in increasing isometric quadriceps strength, 
reducing functional limitations, and accelerating post-operative recovery. 
Nevertheless, several aspects need to be considered with respect to the conclusion 
that can be drawn from the included studies (McKay et al. 2012; Van Leeuwen et al. 
2014). 
The study conducted by McKay et al. (2012) followed the recommendations of the 
American College of Sports Medicine (ACSM) guidelines (American College of Sports 
Medicine 2010) for older adults and highly deconditioned persons, wherein an 
exercise regime of ≥ 1 set of 10 to 15 repetitions of moderate intensity (i.e., 60 % - 70 
% 1 RM) should be applied. However, it appears that the overall exercise conditioning‘ 
dosage had not been sufficiently potent (Evans 1999; American College of Sports 
Medicine 2010). Results of a previous study indicate that eight weeks of resistance 
exercise are required to produce large improvements (ES ranging between 0.64 to 
3.13) in self-reported pain and function, and objective measures including walking 
time and muscle torque of patients with knee OA (Jan et al. 2008). Therefore, the six-
week resistance training protocols of the studies included for review may not have 
been long enough to achieve improvements in physical function, which can be 
maintained through the post-operative period. In addition, to improve muscle strength, 
muscle mass and (to an extent) endurance, programmes of conditioning focusing on 
regular exposure to stimuli for adaptation involving a resistance of ~60 % to 80 % of 
the individual’s 1 RM and titratable progression are required (Evans 1999; American 
College of Sports Medicine 2010). The exercise stimulus of 60 % of 1RM prescribed 
by McKay et al. (2012) was at the lower end of this intensity range which may still 
potentially confer beneficial physiological effects but could be below the threshold 
necessary to elicit functional improvements.  
Similar findings were reported in the systematic review of Hoogeboom et al. (2012). 
Hoogeboom et al. (2012) estimated the exercise intensity of the included studies by 
calculating the metabolic equivalents (METs) using the Compendium of Physical 
Activities (Ainsworth et al. 2011) and multiplying the intensity in METs by time spent 
exercising. The review found that only one study out of nine, focusing on participants 
undergoing TKA, reported a supervised exercise dose greater than the recommended 




Further, even though there is evidence that people suffering from arthritis appear to 
have negative alterations in their neuromuscular performance capabilities, the level 
of deconditioning prior to TKA surgery is still not known. People with severe OA 
demonstrate cardiorespiratory deconditioning with reduced peak oxygen 
consumption levels (12.8 +/- 3.7 ml·kg·minute) (Petterson et al. 2007). Although 
cardiorespiratory fitness of asymptomatic controls in the knee sub-population of the 
study was generally low, VO2 peak of individuals with knee OA was on average, a 
worrying 27 % lower (Philbin et al. 1995). As cardiorespiratory function declines, it is 
plausible that neuromuscular deconditioning occurs in tandem or shortly thereafter. 
Given that the level of deconditioning in people awaiting TKA is not known, and cannot 
be ascertained with certainty from the current evidence in the literature, it is plausible 
that protocols of conditioning involving relatively intensive exercise (> 75 % RM [Steib 
et al. 2010]) would be required to potentially elicit physiological gains, maintain 
functional capacity in the ‘lead-up’ to surgery and counter the stressor of TKA surgery. 
Exercise programme’ compliance in the prehabilitation study of McKay et al. (2012) 
was very good (98 %) with all participants able to increase their workload over time. 
This result is comparable to research that showed that progressive explosive-type 
resistance training is feasible in people awaiting hip replacement surgery with high 
(93 %) level of adherence and acceptable exercises-related pain (Hermann et al. 
2016). Similar adherence has been reported for high intensity resistance training in 
patients with medial compartment knee OA and malalignment (King et al. 2008). 
Therefore, it is speculated that higher intensity training could potentially be tolerated 
by this clinical population. Monitoring intervention dosage is essential to achieve and 
maintain the ideal exercise dosage (Glaszious et al. 2005). McKay et al. (2012) 
increased the intensity by 1 to 2 kg·wk-1, as tolerated by the participant, but this study 
did not perform weekly measures of 1 RM for accurately titrated progression to ensure 
sufficient workload dosage. The study conducted by Van Leeuwen et al. (2014) fails 
to report the exact information concerning participants’ compliance, intensity 
progression, adjustments and verification of dosage delivery, and hence, judgment on 
optimal exercise stress is not possible.  
A further aspect that could have influenced the reduced effects illustrated in the 
studies is arthrogenic muscle inhibition (AMI), which is a presynaptic reflex inhibition 
affecting the musculature surrounding a joint following damage to the structure 




delay or even prevent effective strengthening (Rice and McNair 2010). Notably, more 
than half of quadriceps strength loss can be explained by an increase in AMI three to 
four weeks following TKA surgery (Stevens et al. 2003). Furthermore, researchers 
have observed higher quadriceps activation deficits in women (Petterson et al. 2007; 
Fitzgerald et al. 2004b) and in people with moderate (stage II) OA, compared with 
those with greater (stage IV) deterioration (Pap et al. 2004). In addition, swelling is 
identified as a significant factor influencing quadriceps AMI (Palmieri et al. 2004a; 
Palmieri et al. 2004b; Hopkins et al. 2001), and is often perennial in arthritic conditions 
(Rice and McNair 2010). Swelling can also increase the intra-articular pressure (IAP) 
and can increase the discharge of neurons with large, myelinated axons (group II 
afferents) (Rice and McNair 2010). Therefore, the degree of AMI is regulated 
according to the joint angle and the amount of swelling that is present; the greater the 
swelling, the stronger the relationship between joint angle and inhibition (Rice and 
McNair 2010). Studies point out that a knee angle of 30 ° to 50 ° has a low IAP, and 
subsequently, this position is recommended to allow more effective quadriceps 
strengthening (Wood et al. 1988; Jensen and Graf 1993; Alexander et al. 1996). 
However, some studies argue that although exercising the quadriceps in an inner 
range may indeed reduce the IAP, it may also result in ineffective training due to the 
knee not being maximally contracted (Jones et al. 1987; Marks 1993). Nevertheless, 
considering the length-tension relationship (McComas 1996), it is likely that a more 
favourable degree of myofilament and contractile protein overlap occurs at 45 ° rather 
than 25 ° (Minshull et al. 2011), hence an increase in muscle specificity may take 
place. The studies included in this proposed review do not report information 
pertaining to the amount of swelling exhibited, and the knee angles which have been 
used during the exercise intervention programmes. Nonetheless, the aforementioned 
aspects may be important to consider when designing an adequately-dosed exercise 
protocol, which aims to overcome neuromuscular alterations in patients undergoing 
TKA and improve physical function post-operative.  
2.2.4.2 Proprioceptive training 
The application of six weeks’ pre-operative proprioceptive training conducted by 
Gstöttner et al. (2011) led to improvements in standing balance. However, the results 
of this study should be interpreted cautiously because participants in the control group 
were on average 5.9 years younger compared to participants in the treatment group. 




five years after age 65 (Pedrero-Chamizo et al. 2012; Gomez-Cabello et al. 2014). 
Crucially, impairments in muscle strength correlate with balance (Wolfson et al. 1995) 
and risk of falls (Trudelle-Jackson et al. 2006). It is possible that a group in which age-
related declines in muscle function and balance might be more apparent, may 
demonstrate a greater response to proprioceptive training.  
The proposed review illustrates that the hierarchy of importance with regards to pre-
operative exercise content is still not known. Interventions other than resistance and 
proprioceptive training such as neuromuscular training which aims to improve joint 
stability and sensorimotor/neuromuscular control (Ageberg et al. 2010) may improve 
post-surgical physical function. The study by Villadsen et al. (2014) was excluded 
from this review as raw data for the knee OA subgroup were not accessible. However, 
the authors’ neuromuscular intervention programme offers a functional task-oriented 
approach that includes strength, coordination, balance and proprioceptive exercises 
that may also be beneficial. Nevertheless, the present review is unable to comment 
on verification of dosage delivery and efficacy of exercise stress in this trial. 
2.2.4.3 Limitations of the systematic review 
The present review adds to the current literature the most comprehensive 
accumulation of published evidence regarding the post-operative effectiveness and 
dose-response characteristics of pre-surgical exercise programmes (detailing applied 
physiological stimulus) in people undergoing TKA. The strength of this systematic 
review is that it followed the PRISMA guidelines and included only RCTs, which 
should increase confidence in the results as findings are expected to be less subject 
to bias. 
Several factors must be considered with respect to the conclusions that can be drawn 
from this systematic review. Although a wide-ranging literature search for eligible 
studies was conducted, other studies may exist. Study selection was based on 
predetermined inclusion criteria and only the main author assessed full-text articles 
for eligibility potentially introducing bias in study selection, which may have been 
alleviated with a second assessor. This review includes patients receiving TKA with 
diagnosed knee OA. Therefore, it is not clear the extent to which these findings are 
generalisable with regard to pre-operative intervention exercises for patients 




functionality outcomes were evaluated, no study formally assessed other important 
aspects such as medication requirements.  
2.2.5 Conclusion 
Despite a potential for efficacy of exercise-based conditioning, this systematic review 
with meta-analysis highlights scarcity of robust dose-response evidence to guide the 
formulation of TKA prehabilitation effectively. 
In accordance with existing studies reporting that the potential waiting time for surgery 
not only represents a significant burden for patients (Kelly et al. 2001; Ackerman et 
al. 2005), but also results in patients’ deterioration regarding pain, functional 
limitations and QoL which in turn affect post-operative outcomes (Ashworth et al. 
2002; Hoogeboom et al. 2009; Desmeules et al. 2012), an optimally dosed pre-
operative intervention programme may be able to reduce physiological de-
conditioning and deterioration of physical function prior to surgery and potentially 
accelerate post-operative recovery. While this sentiment might offer plausibility, lack 
of evidence from the literature about prehabilitation ‘composition’, tolerance by 
patients, individually-optimised dosing, potency of physiological stress related 
stimulus and responsiveness, contrives to condemn these aspirations currently to the 
status of ‘conceptually plausible’ but as yet ‘untested’. Future adequately powered 
research with appropriately dosed and completely descriped interventions needs to 
address these aspects before clinical recommendations can be made with regard to 





2.3 Definition of key terms  
2.3.1 Definition of peri-surgery 
The term ‘peri-surgery’ defines the time around an individual’s surgical procedure. In 
general, this includes three stages (pre-operative, intra-operative and post-operative) 
with the ultimate aim of improving someone’s condition prior, during and following a 
surgery (Spry 2005). The literature does not provide exact time specifications for the 
peri-surgical period. However, for the purpose of this thesis peri-surgery is defined as 
the time between the first orthopaedic consultation when the decision to have surgery 
is made and the person is listed for surgery, until the time when they are discharged 
by their orthopaedic consultant (approximately 12 weeks post-surgery). 
2.3.2 Definition of physical function 
Physical function is a term often interpreted differently by individuals. According to the 
International Classification of Functioning, Disability and Health (ICF) ‘functioning’ can 
be defined as an umbrella term containing the components of body functions and 
body structures, as well as activity and participation (World Health Organization 2008; 
Huber et al. 2016). These components influence each other in a dynamic process 
(Dahl 2002; World Health Organization 2013). Ambiguity exists as to whether activity 
and participation can be viewed as one component or as two different ones (Dahl 
2002). ‘Body function and body structure’ refers to the functioning and structural 
integrity of specific body organs and systems (Riddle et al. 2009). ‘Activity’ describes 
the completion of a task or action by an individual and ‘participation’ is defined as 
people’s involvement in everyday life (Riddle et al. 2009). Therefore, activity and 
participation involve aspects of physical function from a specific person and social 
view (World Health Organization 2008). In addition to the stated components, there 
are two broad categories of contextual factors, which focus on the interacting 
influence of personal (including gender, race and lifestyle) and environmental aspects 
(i.e., policies and law) (Riddle et al. 2009). Environmental aspects are rarely 

















Figure 2.5 World Health Organization’s ICF model of function and disability 
(World Health Organization 2001).  
In recent years, attention has focused on the development of ICF core sets and 
therefore, the linkage of the ICF components to specific diseases (World Health 
Organization 2015). In making the linkage to OA, it was observed that limitations of 
activity and participation are most significant for this clinical population group, followed 
by the component body functions (Dreinhöfer et al. 2004). Table 2.8 and 2.9 provide 
detailed information regarding the ICF categories and the components of ‘body 
functions’ and ’activity and participation’ included in the comprehensive ICF core set. 
Table 2.10 illustrates the brief core set for OA. These OA core sets include all three 
components of the ICF including patient perception, functional performance and 
physiological determinants which may underpin functional capacity and status. 
Dreihöfer et al. (2004) argues for comprehensive use of the ICF core set for the 
evaluation and follow-up of people undergoing TKA. This wider and more 
encompassing form of evaluation additionally allows for socially important concerns 
such as falls and loss of independence to be captured (Dreihöfer et al. 2004).  
For the purpose of this thesis, the term ‘physical function’ implies the components 
body function, activity and participation of the ICF. The proposed studies use the ICF 
model solely for the definition of physical function. It is not the intention of this thesis 
to identify which outcome measurements best match the World Health Organization’s 
ICF model of function and disability, as there is already a substantive literature set on 





Table 2.8 The ICF-categories of the component ‘body functions’ included in the 
comprehensive core set for OA (Dreinhöfer et al. 2004, p. 76).  
ICF code ICF category title 
b130 Energy and drive functions 
b134 Sleep functions 
b152 Emotional functions 
b280 Sensation of pain 
b710 Mobility of joint functions 
b715 Stability of joint functions 
b720 Mobility of bone functions 
b730 Muscle power functions 
b740 Muscle endurance functions 
b760 Control of voluntary movement functions 
b770 Gait pattern functions 
b780 Sensations related to muscles and movement functions 
 
Table 2.9 The ICF-categories of the component ‘activity and participation’ 
included in the comprehensive core set for OA (Dreinhöfer et al. 2004, p. 77). 
ICF code ICF category title 
d410 
d415 
Changing basic body position 
Maintaining a body position 
d430 Lifting and carrying objects 
d440 Fine hand use 
d445 Hand and arm use 
d450 Walking 
d455 Moving around 
d470 Using transportation 
d475 Driving 























Table 2.10 The ICF-categories included in the brief core set for OA (Dreinhöfer 
et al. 2004, p. 78). 
ICF component Rank 
order 
ICF code  ICF category title 
Body functions 1 b280 Sensation of pain 
 2 b710 Mobility of joint functions 
 3 b730 Muscle power functions 
Body structures 1 s750 Structure of lower extremity 
 2 s730 Structure of upper extremity 
 3 s770 Additional musculoskeletal structures 
related to movement 
Activities and 
participation  
1 d450 Walking  
 2 d540 Dressing 
 3 d445 Hand and arm use 
Environmental 
factors 
1 e310 Immediate family 
 2 e115 Products and technology for personal use 
in daily living 
 4 e580 Health services, systems and policies 
 5 E150 Design, construction and building products 





2.4 Outcome measures of physical function (subjective and objective [physical 
and physiological performance]) in people undergoing total knee arthroplasty  
In common with all medical procedures, the effectiveness of an intervention relies on 
the applied definition of ‘success’ (Ramkumar et al. 2015), which can include the 
reduction of patient’s symptoms, recovery of physical function, and realisation of 
patient’s pre- and post-surgical goals (Noble et al. 2005; Lingard et al. 2006; Collins 
and Ross 2012). To further evaluate the success of knee arthroplasty, in terms of 
physical function, a variety of patient or clinician oriented evaluative methods are 
used, such as self-report questionnaires, physical performance tests and the 
measurement of impairment (The Chartered Society of Physiotherapy 2001; Reiman 
and Manske 2011; Scott et al. 2012). Patient or clinical evaluative methods can 
provide a picture of a patient’s health status, and identify their limitations, as well as 
monitor the effectiveness of an intervention (McDowell 2006). Based on the 
development of outcome instrument core sets, patient relevant assessments have 
been promoted as a key aspect of health monitoring. In particular, physical function, 
pain and patient global imaging were defined as the main core sets for OA (Bellamy 
et al. 1997). In addition, patient’s views and satisfaction have become a major focus 
for the evaluation of TKA outcomes (Kwon et al. 2010).  
The selection of an appropriate outcome instrument from the broad spectrum of 
options available is a persistent challenge faced by researchers and clinicians alike, 
and is a source of constant debate in the literature (Mercuri et al. 2008; Coster 2013). 
Clinimetrics and psychometric properties are terms used to illustrate measurement 
characteristics and are commonly employed to determine a preferred instrument. 
However, conflicting opinions exist as to which terminology is appropriate to use or 
whether the phrase psychometric incorporates both. Alvan Feinstein brought the term 
‘clinimetrics’ into the medical world in 1987, and defined it as “…a domain concerned 
with indexes, rating scales, and other expressions that are used to describe or 
measure symptoms, physical signs, and other distinctly clinical phenomena in clinical 
medicine” (Feinstein 1987, p. 5). Furthermore, clinimetrics contains a set of rules that 
controls the choice of component variables and the evaluation of consistency and 
validity (Feinstein 1987). In contrast, psychometrics is described as the construction 
and validation of assessment instruments and evaluating whether these instruments 
are reliable and valid (Ginty 2013). De Vet et al. (2003) reports that within medicine, 




and accordingly clinimetric approaches are suitable. Alternatively, when evaluating 
validity, reproducibility, or responsiveness of measurement instruments, the 
distinction between clinimetric and psychometric modalities are less clear and the 
characteristics can be considered as either of these terms (de Vet et al. 2003). 
Accordingly, both aspects were considered when summarising and critically 
appraising the literature.  
2.4.1 Subjective (self-perceived/ patient-reported) outcome measures 
Patient-reported outcomes (PROs)5 in particular are instruments that can reflect an 
individual’s feelings about, and satisfaction with, their health status (Carr et al. 2003). 
Moreover, it has been found that functional limitations are more accurately 
characterised by patients themselves than by health professionals (VanderZee et al. 
1996, cited in de Groot et al. 2008). Questionnaires are an expedient and cost 
effective way (Hamilton et al. 2012; Giesinger et al. 2014) of indicating whether or not 
patient expectations are fulfilled following an intervention, or whether or not additional 
therapy is requested (Mancuso et al. 2001). A considerable number of patient-
reported instruments pertaining to knee function are available. Ideally, choosing the 
most appropriate outcome measurement to evaluate treatment efficacy is vital. 
Preferably, the assessment instrument should exhibit validity, reproducibility and 
responsiveness to changes in a patient’s condition (Jaeschke et al. 1989; Collins and 
Ross 2012). To date, no gold standard measurement has been determined from the 
outcome instruments available for the TKA population (Bourne 2008). Consequently, 
various different physical function outcomes have been employed in research and 
clinical practice in the TKA population, of which the following instruments are the most 
frequently used: (i) KSS, (ii) WOMAC, (iii) Knee injury and Osteoarthritis Outcome 
Score (KOOS), (iv) Short Form (SF-) 12 and 36, and (v) the OKS (Clement et al. 
2014). For the purpose of this thesis, the KOOS, OKS and SF-36 have been selected, 
as they are the questionnaires most commonly used for the assessment of functional 
status of people undergoing TKA. Importantly, rigorous psychometric validation 
processes (appendix I a to I c) support their usage in clinical and research settings. 
In addition, these questionnaires have been identified as the most popular PROs (Da 
Silva et al. 2014; Ramkumar et al. 2015) and were described as ‘good’ patient-
                                               
5 Other terms such as patient-reported measure, self-perceived performance, subjective 




reported outcome instruments for knee arthroplasty (Davies 2002; Collins and Roos 
2012). The generic health questionnaire SF-36 was selected alongside knee-specific 
assessment instruments. This decision was made in light of recommendations in the 
general literature regarding tandem use of condition-specific and more general 
methods (Guyatt et al. 1993; Bombardier et al. 1995), which capture different but, 
complementary aspects of health status to provide a more comprehensive evaluation 
(Escobar et al. 2007). 
The Performance Profile (PP) was added to the outcome battery of more commonly 
used self-report questionnaires. Unlike the KOOS, OKS and SF-36, it evaluated 
constructs that were customised to the participant (Gleeson et al. 2008). The PP is 
an individualised evaluation method, which has the potential to highlight important 
aspects of the patient’s functional needs during the peri-surgical period. Lastly, it was 
decided to include a self-report measure of participants PA level (the International 
Physical Activity Questionnaire [IPAQ]) to complement the outcome set. This 
selection was performed on the basis that PA underpins certain aspects of physical 
function. Both activity and participation are aspects of physical function and have 
been defined as core components of people with OA. Physical activity monitoring of 
people undergoing TKA may help explain potential changes in physical function in the 
antecedent and post-surgical periods.  
Several up to date systematic reviews on outcome measurements utilised in the TKA 
population have already been published (Davies 2002; Ethgen et al. 2004; Alviar et 
al. 2011; Collins and Roos 2012; Alnahdi 2014; Ramkumar et al. 2015). Therefore, 
this section of the literature review is focused on the methodological quality of the 
most commonly used instruments to assess people with severe knee OA awaiting 
TKA. The reader is referred to the Chapter 3 ‘General Methods’ – section 3.7 for 
detailed information on the practical application of selected outcome instruments. 
2.4.1.1 Knee injury and Osteoarthritis Score  
The WOMAC is a self-administered questionnaire, which has been recommended by 
the Outcome Measures in Rheumatology Clinical Trials (OMERACT) to assess TKA 
outcomes (Bellamy et al. 1997). This questionnaire is widely used in clinical trials 
(McConnell et al. 2001) but has recognised limitations, especially with respect to 
evaluation of function. Stratford and Kennedy (2004) confirmed the high correlation 




reduce the ability of the WOMAC to assess actual changes in physical function. 
Furthermore, a Rasch analysis of the WOMAC by Ryser et al. (1999) demonstrated 
that the items of the pain and function subscales appear to represent the same 
construct. Further, this condition-specific instrument was developed for the elderly 
and assesses OA induced pain, stiffness and functional limitation. The KOOS was 
subsequently developed as an extension of the WOMAC for a younger and/or more 
active patient group with knee injuries or knee OA (Roos et al. 1998). The KOOS 
reflects the changing demographic of people undergoing TKA, who are increasingly 
younger and more active (Nilsdotter et al. 2009). The latter instrument determines 
patient relevant changes by capturing a broader evaluation of physical function (Alviar 
et al. 2011), which includes leisure activities as well as activities of daily living (ADLs). 
The KOOS emphasises the assessment of physical function in ADLs, sport and 
recreational activities. Moreover, it evaluates pain, symptoms, and the effect of knee 
health on QoL. Since the original development of the KOOS in 1995 (Roos and 
Lohmander 2003), the questionnaire has remained unchanged. The KOOS has been 
identified as the most suitable outcome measure based on patients perspectives, in 
the first six weeks following TKA (Rastogi et al. 2007), and records discrete functions 
of the joints such as mobility and stability in more detail (Ross et al. 1998). Appendix 
I a summarises the rigorous psychometric validation processes conducted for the 
KOOS involving people undergoing TKA. In general, the KOOS exhibits clinically 
acceptable clinimetric properties with a high level of responsiveness (ES and standard 
response mean [SRM] > 0.76), and reliability (intra-class correlation coefficient [ICC] 
≥ 0.70) (Peer and Lane 2013; Collins et al. 2014). Furthermore, the KOOS is 
supported by evidence of its high content validity (Collins et al. 2014), which 
demonstrates that questionnaire items selected during the development of the 
instrument are relevant to people undergoing TKA (Terwee et al. 2007). The KOOS 
also demonstrates cross-cultural validity with adequate construct validity observed 
between this questionnaire and the SF-12 (Kessler et al. 2003), SF-36 subscales 
(Roos and Toksvig-Larsen 2003), Visual Analogue Scale (VAS) for pain (Kessler et 
al. 2003) and the PA subscale of the Osteoarthritis Knee and Hip Quality of Life 
Questionnaire (OAKHQOL) (Ornetti et al. 2008). Ornetti et al. (2008) found a relatively 
modest correlation between the OAKHQOL and the KOOS sport and recreation 
subscales, which may be due to the broader evaluation of physical function facilitated 
by the latter instrument. Certain KOOS questionnaire items might not be relevant 




ever performed by participants. However, there is agreement that the items of physical 
function that present a greater degree of difficulty should be included (Weiss et al. 
2002; Roos et al. 2006) to allow administration of the KOOS at various stages peri-
surgery. To date, only the study by Monticone et al. (2013) has delineated the minimal 
important change (MIC) for the KOOS subscales using anchor-based methods. 
Suggested cut-off points for the following KOOS subscales were: 16.7 for pain, 10.7 
for symptoms, 18.4 for ADLs, 12.5 for sport and recreation 15.6 for QoL. 
2.4.1.2 Oxford Knee Score  
The OKS developed by Dawson et al. (1998) is the patient-reported outcome measure 
of choice for evaluating pain and physical function of people undergoing TKA in 
England, Wales and North Ireland (National Joint Registry 2013). The OKS was 
designed with input from patients and evaluates the following condition focused items; 
pain, difficulty with washing and drying, difficulty getting into car/public transport, 
walking duration, pain during standing, limping, ability to kneel, night pain, 
interference with work, giving way, ability to do shopping and ability to descend stairs. 
Importantly, the OKS is sensitive to changes over time (Ko et al. 2013) and there is a 
general agreement that this questionnaire demonstrates an adequate level of 
responsiveness to clinical changes following TKA. A number of studies have reported 
an ES greater than -1.99 (Dawson et al. 1998; Haverkamp et al. 2005; Ko et al. 2013), 
SRM values higher than -1.57 and relative validity (RV) values above -0.66 at 6 and 
12 months post-surgery (Ko et al. 2013). Impellizzeri et al. (2011) reported lower ES 
(> 0.9) and SRM (0.7) values six months following TKA, however their results still 
indicated a sufficient level of responsiveness. Dunbar et al. (2000) reported a value 
of 0.64 for the area under the curve when examining receiver operating characteristics 
(ROC) for the OKS. In addition, comprehensive evaluations of its methodological 
quality demonstrate that this 12-item self-reported questionnaire is valid (Davies 
2002), reliable (Davies 2002; Murray et al. 2007; Jenny and Diesinger 2012; Collins 
and Ross 2012) and feasible (Dunbar et al. 2000; 2001). The OKS correlates well 
with general health and other joint-specific questionnaires, such as the SF-36 
(Dawson et al. 1998, Dunbar et al. 2000; Goncalves et al. 2012), the WOMAC (Dunbar 
et al. 2000; Impellizzeri et al. 2011), and American Knee Society Score (Dawson et 
al. 1998; Haverkamp et al. 2005). Further, this questionnaire demonstrates adequate 
internal consistency (Cronbach’s alpha [α]  0.83) and inter-rater reliability (ICC  




the OKS pain and function component, respectively (Clement et al. 2014). Harris et 
al. (2013) estimated the MID as approximately five points and the MIC as 
approximately nine points. Appendix I b summarises, in more detail, the rigorous 
psychometric validation processes conducted for the OKS.  
2.4.1.3 The 36-Item Short Form Health Survey 
The SF-36 is a general HRQoL instrument (Ware and Sherbourne 1992) that was first 
made available in a ‘standard’ form in 1990 (Ware 2000). The SF-36 reflects eight 
dimensions of health including physical functioning (PF), role physical (RP), role 
emotional (RE), social functioning (SF), general health (GH), mental health (MH), 
bodily pain (BP) and energy/vitality (VT) (Ware and Sherbourne 1992). The 
questionnaire uses 36 Likert box questions (Ware and Sherbourne 1992). The 36-
items can be pooled to the same scale and averaged, to create the eight dimension 
scores. The SF-36 is not specifically intended for a particular age, disease or 
intervention group (Ware 2000). However, this questionnaire has been extensively 
used in the TKA population (Bombardier et al. 1995; Jones et al. 2000; Jones et al. 
2001; Jones et al. 2003; Da Silva et al. 2014). Notably, the SF-36 exhibits sensitivity 
to change when administered to people undergoing TKA surgery (Kiebzak et al. 
2002). In particular, the PF, BP (Ko et al. 2013) and RP scores are the most 
responsive health domains with an ES  1.3 at six months and five years post-surgery 
(Busija et al. 2008). Translations of the SF-36 into different languages have been 
performed as part of the International Quality of Life Assessment (IQOLA) project and 
rigorous evaluations of its reliability and validity have been completed (Ware 2000). 
Internal consistency is reported to be adequate as indicated by Cronbach’s α > 0.7 
for all subscales (Brazier et al. 1999; Dunbar et al. 2001; Escobar et al. 2007) except 
the RP subscale (α < 0.7) (Brazier et al. 1999). Minimal important difference values 
ranged between 272 % and 81 % at six-month follow-up and between 228 % and 77 
% at two years post-surgery follow-up. Values for the minimal clinically important 
difference (MCID) and minimal detectable change (MDC) for each subscale are 
presented in further detail in table 2.11. In addition, appendix I c summarises the 













important difference  
Busija et al. 
2008, n = 103a 
OA undergoing TKA. 
Assessment point  
Pre-operative, 6-







PF 41 6 
RP 84 12 
BP 51 7  
GH 35 5 
VT 50 7 
SF 52 7 
RE 94 14 
MH 39 6 
 
- 
Escobar et al. 
2007, n = 516  
 
OA undergoing TKA.  
Assessment point  
Pre-operative, 6-




 MDC95 MDC % 
PF 19.50 238 (58.19) 
RP 26.97 125 (35.82) 
BP 37.91 121 (30.40) 
GH 27.40 32 (7.94) 
VT 29.84 95 (25.89) 
SF 41.23 88 (21.41) 
RE 28.52 81 (23.48) 
MH 24.19 75 (20.78) 
 
24-month post-operative: 
 MDC % 
PF 207 (58.64) 
RP 130 (41.94) 
BP 94 (26.78) 
GH 24 (6.94) 
VT 69 (21.10) 
SF 75 (21.25) 
RE 77 (25.08) 




 MCID % 
PF 272 (66.50) 
RF 165 (47.28) 
BP 200 (50.25) 
GH 213 (52.85) 
VT 234 (63.76) 
SF 238 (57.91) 
RE 81 (23.48) 
MH 249 (68.98) 
 
24-month post-operative: 
 MCID % 
PF 228 (64.59) 
RP 159 (51.29) 
BP 224 (63.82) 
GH 226 (65.32) 
VT 200 (61.16) 
SF 197 (57.81) 
RE 77 (25.08) 
MH 148 (45.68) 
 
aStudy included also participants with other types of orthopaedic surgeries, which will not be reported within this thesis. 
bDefined as smallest difference between baseline score and 6- and 24-month post-surgery (presented as % 
difference). n: number of participants; Ind: Individual level; Grp: Group level.  
2.4.1.4 Performance Profile of self-perceived knee function 
The PP was selected because it evaluated constructs that were tailored to the 
participant (Gleeson et al. 2008) and therefore, defined its point of difference to the 
other questionnaires of the self-report outcome battery (KOOS, OKS, SF-36). A recent 
study concluded that active involvement of patients in their care continuity could lead 
to better post-operative results (Tay Swee Cheng et al. 2014). In addition, since 1990 
patient-centred care has increasingly permeated research and government policy 
(Slater 2006). In particular, rehabilitation has been viewed as an holistic approach, 
which considers patient’s achievements and goals rather than merely identifying 




greater emphasis on the individual’s preferences, needs and values (Glazier et al. 
2004; Webster et al. 2013) has become more prominent in the rehabilitation process 
(Ozer and Kroll 2002). Therefore, the application of a PP technique may be 
particularly beneficial in providing further insight into musculoskeletal and 
psychophysiological fitness, as well as perceived needs for areas of improvement. 
Evaluation of these areas would help an individual to more accurately rate their 
physical conditioning and psychological recovery (Gleeson et al. 2008).  
The PP technique (Butler 1989) is an individualised assessment instrument that 
allows a person to construct a visual display of relevant areas that are important for 
achieving performance improvements specific to them. It is described in the literature 
as a client centred, idiographic performance analysis tool (Weston et al. 2010; Weston 
et al. 2013). The PP represents selected principles of the Personal Construct Theory 
(Kelly 1955) and provides participants the opportunity to actively create an 
assessment instrument that is relevant to them as opposed to responding to 
predetermined measures. This outcome instrument has been frequently used with 
athletes (Doyle and Parfitt 1996; Gleeson et al. 2005; Weston 2008) and more 
recently with people undergoing anterior cruciate ligament (ACL) surgery (Gleeson et 
al. 2008; Bailey 2015; Yates 2015).  
The predictive validity of the PP was evaluated in a study involving 39 track and field 
athletes by Doyle and Parfitt (1996). Discrepancy scores for the PP were calculated 
by subtracting the athletes’ score (before a competition) from the ideal score for each 
important performance construct. Moderate to strong correlations characterised the 
relationship between participant mean profile discrepancy and coach perception of 
performance scores, actual performance measures as well as the athletes perception 
of performance scores (range -0.39 to -0.87, p < 0.05). Regression analysis revealed 
that the mean profile discrepancy predicted 23 %, 32 % and 35 % of the coach 
perception of performance scores, actual performance and athlete perception of 
performance scores respectively. Participant mean profile discrepancy scores 
converged more closely with coach perception of performance at the final 
assessment, predicting 75 % of latter score.  
A construct validity study employing a repeated measures design observed significant 
differences in the athletes mean profile discrepancy scores and actual performance 




Particularly, mean profile discrepancy scores were significantly higher on the first 
assessment, compared to later testing sessions. In accordance with this result, 
athletes actual performance scores were lowest for the first assessment. Linear trend 
analysis over time indicated that a decrease in the field of perceived needs coincided 
with an increase in actual performance, a result anticipated by Doyle and Parfitt 
(1997). Athlete perception of performance scores also differed significantly over the 
five assessment points however; this result was not repeated for coach perception of 
performance scores. Interestingly, differential relationships with actual performance 
were observed for constructs depending on their level of importance (curvilinear for 
most important and linear for least important). The most important constructs had the 
greatest responsiveness and it is suggested the PP may have inadequate sensitivity 
for monitoring smaller changes in perceived needs and actual performance. Ideally, 
associations between the constructs and actual performance should be uniformly 
strong irrespective of their importance in order to support construct validity however, 
this was not observed by Doyle and Parfitt (1997). Importantly, participant gender and 
level of competition do not appear to interact with PP scores (Doyle and Parfitt 1996; 
Doyle and Parfitt 1997). 
Reliability of the PP was established by Gleeson et al. (2005) in a study investigating 
day-to-day reproducibility and single measurement reliability. A cohort of 68 team 
players and individual athletes completed four practice and three daily experimental 
sessions of their individualised PP. The authors employed the same method as Doyle 
and Parfitt (1996) to generate outcome scores. Repeated measures analysis revealed 
no significant inter-day differences in scoring the PP (Gleeson et al. 2005) and an 
intra-individual coefficient of variation (for 10 profile qualities) of ± 4.7 % to ± 6.8 % 
(68 % confidence) and ± 9.2 % to ± 13.3 % (95 % confidence).  
There are some concerns regarding the ability of the PP to detect construct and 
performance change in populations where small variations might be expected, such 
as athletes (Gleeson et al. 2005; Doyle and Parfitt 1996). However, the PP instrument 
may be more appropriate for adoption in the clinical setting, particularly for clients with 
larger changes in physical capability are anticipated, e.g., people recovering form 
injury or operation (Gleeson et al. 2008). Therefore, the evaluation of peri-surgical 
changes in people undergoing TKA surgery may benefit form a patient-centred 





2.4.1.5 International Physical Activity Questionnaire  
Physical activity, which has been defined as “…bodily movement produced by skeletal 
muscles that results in energy expenditure” (Caspersen et al. 1985, p.126). Habitual 
PA is known to improve muscle strength, balance and coordination (Blikman et al. 
2013), which together help to reduce the risk of falls (Chang et al. 2004). Provided 
that PA underpins certain aspects of physical function, an indication of habitual activity 
behaviours might assist with explaining potential peri-surgical changes in physical 
function. In addition, sedentary behaviour is now recognised as an important predictor 
of health outcomes independent of PA level (Healy et al. 2011). Sedentary behaviour 
is defined as “…any waking behaviour characterised by an energy expenditure of ≤ 
1.5 METs while in a sitting or reclined position” (Sedentary Behaviour Research 
Network 2012, p. 540). A spectrum of assessment instruments is available to estimate 
PA, which trade level of precision against practicality and cost. The choice of 
measurement is dependent on its intended purpose (Terwee et al. 2011). Gold 
standard techniques such as, doubly labelled water and calorimetry and participant 
mounted devices (e.g., heart rate monitors, accelerometers) capture PA levels 
objectively and are more precise than PA questionnaires. However, these PA 
surveillance methods often require additional time and cost burdens, as well as being 
intrusive (Tierney et al. 2015). Unavoidable logistic and budgetary constraints 
precluded the selection of an objective PA monitoring instrument for this project. Self-
report PA questionnaires have several advantages in that they are low cost, expedient 
and because of their feasibility they have been used extensively in health research 
(Blikman et al. 2013). Currently, there is no consensus regarding a gold standard PA 
questionnaire, but an instrument assessing patient frequency, duration, and intensity 
of performed activity is recommended (Naal et al. 2009a). 
Of the PA questionnaires available that estimate habitual activity and energy 
expenditure the IPAQ is one of the most frequently employed (Terwee et al. 2011) 
and feasible (Craig et al. 2003; Bauman et al. 2009). This questionnaire was 
developed in 1998 with the support of the World Health Organization and United 
States Centres for Disease Control and Prevention (Nosikov and Gudex 2003). This 
collaboration resulted in the development of an instrument that estimates the total 
amount of PA by recording frequency, duration and intensity of: i) leisure/recreational 
activity; ii) house and garden activities; iii) activities of daily work; iv) getting from place 




weekly PA volume in MET minutes is subsequently calculated. The IPAQ is freely 
available at the www.ipaq.ki.se web page as a long (27 questions) and short (seven 
questions) form. The long version is pre-structured to capture self-reported activity in 
the five different categories previously mentioned. The short form estimates PA level 
from time spent in activities defined pragmatically as vigorous-intensity, moderate-
intensity and walking, as well as time spent seated.  
The systematic review by Silsbury et al. (2015) recommended the IPAQ short form as 
the most appropriate assessment instrument for estimation of adults’ PA levels in 
clinical and research practice. The IPAQ short form exhibits adequate concurrent 
validity (pooled correlation between the IPAQ short and long form [rho = 0.67; 95 % 
CI 0.64 to 0.70] and within different short instruments [rho = 0.58; 95 % CI 0.51 to 
0.64]) and criterion validity (IPAQ short form versus accelerometers) (rho = 0.30; 95 
% CI 0.23 to 0.36) for adults aged 18 to 65 years (Craig et al. 2003). Moderate 
correlations between the IPAQ and accelerometry (rho = 0.42 to 0.53) have been 
observed in a sample of older adults aged 65 to 89 years (Tomioka et al. 2011). In 
addition, the IPAQ short form demonstrates an acceptable level of repeatability (r > 
0.69) for people of different countries (Craig et al. 2003). Test-retest reliability of the 
IPAQ short form ranges from 0.47 to 0.82 for people aged 65 to 74 years and 0.30 to 
0.67 for people aged 75 to 89 years (Tomioka et al. 2011). Blikman et al. (2013) 
observed comparable instrument reliability (Spearman correlation range 0.53 - 0.71; 
ICC range 0.27 - 0.60) in a sample of people undergoing TKA. The MDC95 was 
reported to range from 103 minute per week (min-1·wk-1) (vigorous activity) to 1,039 
METs·min-1·wk-1 (total score). Weak correlations were observed between the IPAQ 
short form and accelerometry data (0.09 for moderate PA to 0.38 for vigorous PA). 
Conversely the study by Naal et al. (2009a), which also involved people undergoing 
TKA, obtained excellent reliability for the IPAQ short form (ICC = 0.87; 95 % CI, 0.74 
to 0.94). Concurrent validity evaluation yielded modest correlations observed between 
the IPAQ short form and the University of California, Los Angeles activity scale (r = 







2.4.2 Objective (physical and physiological performance) outcome measures 
Despite the widespread use of subjective measures for the evaluation of patients’ 
health status, there are several studies suggesting that patient-reported instruments 
fail to capture ‘actual’ change in physical function following TKA (Quellet and Moffet 
2002; Stratford et al. 2004; Stratford et al. 2006; Jacobs and Christensen 2009; Mizner 
et al. 2011). There is also general agreement in the literature that patient-reported 
measurements often provide different information compared to objective outcome 
measures6 (Parent and Moffet 2002; Maly et al. 2006; Stratford and Kennedy 2006; 
Stratford et al. 2006). However, the main criticism is that self-reported measurements 
are dependent on patient perceptions and it is well known that people are likely to 
over- or underestimate their actual functional ability (Schenkman et al. 2002). 
Following surgery, patients experience a substantial reduction in their pain symptoms, 
which may subsequently lead to an overestimation of their functional capability 
(Stratford et al. 2006; Stratford and Kennedy 2006; Steven-Lapsley et al. 2011). In 
comparison, performance-based measures may be able to better reflect the 
magnitude of physical deficits during the early post-operative stage in particular 
(Steven-Lapsley et al. 2011). The review conducted by Mizner et al. (2011) concluded 
that objective measures are more responsive and tend to have stronger relationships 
with motor impairments. In addition, patients may not be aware of impairments in 
motor control that are important for functional performance of tasks that they may 
attempt to perform. In addition, patients are likely to compare their functional 
satisfaction to their pre-operative state, which may have already been low (Farquhar 
and Snyder-Mackler 2010). Physical performance-based measurements are 
therefore recommended in addition to PROs in order to provide a more 
comprehensive picture of a person’s pre- and post-surgical functional capability 
(Bolink et al. 2015).  
Currently, there is no consensus regarding a gold standard method for objective 
evaluation of physical function (Dobson et al. 2013). Consequently, a variety of 
performance-based measures have been used to assess people with knee pathology, 
which presents a challenge to researchers attempting to select an adequate 
instrument (Jordan et al. 2009). Selection of the most appropriate instrument is 
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dependent on factors such as, the research aim and context, outcome of interest, as 
well as level of specific observation required and funding (Terwee et al. 2006b; Ashby 
et al. 2008; Beard et al. 2010).  
Importantly, people undergoing TKA experience impaired neuromuscular alterations 
pre and post-surgery. To provide a comprehensive picture of functional changes in 
this clinical population it would appear to be essential to measure physical and 
physiological performance capabilities. The following paragraphs provide information 
regarding these physiological assessment methods employed to evaluate 
neuromuscular alterations and their psychometric/clinimetric properties. The reader 
is referred to Chapter 3 ‘General Methods’ – section 3.7.2 for detailed information on 
the practical application of each outcome instrument.  
2.4.2.1 Postural stability (force plate) 
People undergoing total knee replacement often have considerably reduced postural 
stability (Hurley et al. 1997; Hassan et al. 2001; Hinman et al. 2002), and knee joint 
proprioception (Hurley et al. 1997; Hassan et al. 2001; Tarigan et al. 2009). These 
impairments can lead to reduced balance and movement control (Piva et al. 2010; 
Rätsepsoo et al. 2011) and thus, a greater risk of falls (Swinkels et al. 2009; Bade et 
al. 2010; Williams et al. 2010; Rätsepsoo et al. 2011). Potential mechanisms leading 
to impaired balance have not been fully elucidated (Smith et al. 2012; Nguyen et al. 
2014; Sorensen et al. 2014). However, age-related impairments (Shumway-Cook et 
al. 2000; Noohu et al. 2014), knee pain and quadriceps’ weakness are potential 
contributory mechanisms (Koralewicz and Engh 2000; Hassan et al. 2002; Lund et al. 
2008; Cammarata et al. 2011). Approximately 60 % to 80 % of people suffering from 
knee OA report knee instability, which can lead to decreased PA (Fitzgerald et al. 
2004a; Schmitt et al. 2008). Moreover, individuals with knee OA have greater postural 
sway compared to aged-matched healthy adults (Turcot et al. 2011; Hassan et al. 
2001), a balance’ impairment which increases with condition severity (Masui et al. 
2006; Kim et al. 2011).  
Methods for evaluating balance control range from sophisticated technologies using 
force platforms to simple clinical measurements (Browne and O’Hare 2001; Noohu et 
al. 2014). The force platform is regarded as a gold standard measurement due to its 
validity and reliability (Goldie et al. 1989; Middleton et al. 1999; Rogind et al. 2003). 




demonstrate real-time display and its ability to identify small changes in balance 
(Browne and O’Hara 2001). Force plate instruments are commonly used to provide 
physiological correlates of postural stability, in particular, the centre of pressure (COP) 
is one of the most popular measurements to quantify postural sway (Masani et al. 
2014). Centre of pressure is defined as an approximation of the centre of gravity 
(COG) under stationary or moderate movements (Winter 1995). Moreover, COP is an 
assessment of whole-body dynamics and it reflects the interaction of neuromuscular 
components at different joints (Collins and de Luca 1993; Eng and Winter 1993). The 
COP variables exhibit acceptable reliability (Da Silva et al. 2013; Takacs et al. 2014). 
Additionally, the following MDC95 for the COP variables are recommended: 
medial/lateral (ML) SD 0.27 cm, anterior/posterior (AP) SD 0.47 cm, COP velocity 
0.33 m/s (Takacs et al. 2014). 
2.4.2.2 Neuromuscular measurements 
The neuromuscular system is a structurally and functionally complex mechanism that 
requires various assessments and analysis of indices (Viitasalo et al. 1980). Over 
several decades, parameters of neuromuscular performance outcomes have been 
employed in practice and research for assessing and monitoring muscle strength and 
proprioceptive deficits. Indices of neuromuscular performance such as peak force, 
electromechanical delay (EMD) (defined as the time taken for muscle force to 
originate), and rate of force development (RFD) (defined as how rapidly a meaningful 
level of force can be produced), can provide an objective indication of the dynamic 
capabilities during mechanical loading for a specific joint system (Mercer et al. 1988; 
Johansson 1991; Rees 1994; Gleeson et al. 1997; Gleeson et al. 2000). The 
evaluation of neuromuscular performance indices has increasingly been used with 
respect to recovery, rehabilitation and return to sports following ACL-surgery, as well 
as sports injury prevention with asymptomatic individuals (e.g., Gleeson et al. 1996; 
Gleeson and Mercer 1996; Gleeson et al. 2002; Minshull et al. 2007; Gleeson et al. 
2008; Blackburn et al. 2009; Minshull et al. 2009; Minshull et al. 2011; Angelozzi et 
al. 2012; Bailey et al. 2014; Knezevic et al. 2014; Shimose et al. 2014). However, use 
of these physiological outcomes within the TKA population is still relatively new. The 
majority of studies assessing indices of muscle strength following TKA have focused 
on isometric voluntary contraction force (e.g., Hurley and Newham 1993; Hurley and 
Scott 1998; Lorentzen et al. 1999; Anchuela et al. 2001; Berth et al. 2002; Mizner et 




parameters such as, rapid force production and relaxation of the quadriceps muscle 
(e.g., Gapeyeva et al. 2007; Maffiuletti et al. 2010; Vahtrik et al. 2012). Similarly, the 
number of studies using superimposed electrical stimulation techniques to explain 
quadriceps muscle deficits following TKA is also limited (e.g., Berth et al. 2002; Mizner 
et al. 2003; Stevens et al. 2003; Stevens et al. 2004). To date, there has not been a 
study that has investigated whether changes in EMD occur in this clinical population 
group. In addition, previous studies have focused primarily on the assessment of 
changes following surgery and there is currently no data regarding pre-surgical 
neuromuscular performance capabilities of this clinical population.  
The implementation of sophisticated isokinetic dynamometry and proprioceptive 
testing equipment is costly and not routinely available in clinical practice (Doyle et al. 
1998; Gleeson et al. 2008). However, this technique allows a detailed understanding 
of neuromuscular and sensorimotor performance capabilities of people undergoing 
TKA. Furthermore, it is evident from the literature that the evaluation of both the 
operated and control leg is essential, as the uninvolved limb can be a valuable 
predictor of functional ability following TKA (Zeni and Snyder-Mackler 2010). 
2.4.2.2.1 Volitional peak force  
For several decades muscle strength has been used to characterise skeletal muscle 
function (Walsh et al. 1998; Mizner et al. 2003; Silva et al. 2003; Valtonen et al. 2009; 
Swank et al. 2011; Vahtrik et al. 2012). In particular, quadriceps muscle strength has 
received considerable attention due to its associations with the development and 
progression of knee OA (Slemenda et al. 1997), as a predictor of functional disability 
(McAlindon et al. 1993), and its relationship to subjective and objective physical 
function outcomes (Mizner et al. 2005b). Improving quadriceps strength is viewed as 
an important part of prehabilitation and rehabilitation programmes (Staehli et al. 
2010). Consequently, a valid measure of muscle strength is imperative for health 
professionals to enhance patient care (Meier et al. 2008; Petterson et al. 2009).  
A variety of different measurements of strength have been performed in previous 
studies, however there is no consensus regarding the most valid and reliable method 
(Lienhard et al. 2013). Isometric muscle strength testing is largely used due to its 
excellent intra-rater reliability (ICC > 0.96) (Kean et al. 2010; Lienhard et al. 2013), 
SEM of 10.76 (Kean et al. 2010) and construct validity (Liehnard et al. 2013). Kean et 




evaluation using a dynamometer. Assessment of additional indices of strength such 
as peak force has been viewed as inevitable for comprehensive evaluation of muscle 
performance. High measurement reliability and reproducibility support the use of 
neuromuscular indices as indicated by intra-day coefficients of variation (V %) of 3.5 
% to 4.1 % for the knee extensors in asymptomatic adults (Viitasalo et al. 1980; 
Gleeson and Mercer 1992), and inter-day V % of 6.6 % for the knee flexors in people 
with end stage renal failure (Gleeson et al. 2002). Additionally, the precision of this 
measurement is characterised by an intra-session V % of 3.5 %, ICC of 0.98 and SEM 
4.0 % and inter-day V % of 8.5 %, ICC 0.93 and SEM 7.8 % in asymptomatic adults 
(Minshull et al. 2009). Minshull et al. (2009) concluded that two trials of peak force 
were adequate to determine a person’s intra-day knee flexor performance change of 
± 5 % (95 % confidence level), whereas 15 trials would be required to identify an inter-
day performance change with the same level of accuracy.  
2.4.2.2.2 Rate of force development and relaxation  
Muscle RFD is recognised as an important component of physical function (Maffiuletti 
et al. 2010) that should be examined when evaluating disability following TKA (Mizner 
and Snyder-Mackler 2005). Rate of force development is defined as the rate of rise in 
muscle force at the onset of contraction (Aagaard et al. 2002). There is agreement 
that RFD appears to have a stronger association with sports-specific performances 
and ADLs compared to maximal strength measures (Maffiuletti et al. 2010; Tillin et al. 
2013). Moreover, RFD is more sensitive to changes in neuromuscular function 
(Angelozzi et al. 2012; Jenkins et al. 2014), and may be driven by different 
physiological systems (Van Cutsem et al. 1998; Andersen and Aagaard 2006). 
Moderate to high reliability has been observed when using this outcome for knee 
extensors. Buckthorpe et al. (2012) reported an ICC > 0.62 and a within person V % 
of > 6.8 % in asymptomatic adulds, while Gleeson et al. (2002) reported an inter-day 
ICC of 0.91 with a V % of 20.3 ± 12.1 %, and a standard error of single measurement 
of 42.2 % in people with end stage renal failure. Rate of force development has 
become popular for the characterisation of explosive strength and as measure to 
provide insight into the neuromuscular system. Recently, the importance of RFD has 
been recognised within the elderly population (Hernandez-Davo and Sabido 2014), 
where improved RFD can reduce the risk of falls as a result of more rapid muscle 




There is debate in the literature regarding the point on the force-time curve at which 
the RFD should be obtained with some recommending several different points (e.g., 
0 - 30, 0 - 50, 0 - 100 and 0 - 200 milliseconds [ms]) (Aagaard et al. 2002; Maffiuletti 
et al. 2010). Some authors have measured RFD as the first derivate of force increase 
at the level of 50 % of peak force (Gapeyeva et al. 2007; Vahtrik et al. 2012) while 
others have calculated this index as the average rate of force increase between 25 % 
to 75 % peak force (Gleeson et al. 2008; Minshull et al. 2009). However, despite the 
variations in obtaining RFD, there is general agreement that it is calculated from the 
moment-time curve (moment/time). As there is no ideal approach specified, this thesis 
applied the methods described by Gleeson et al. (2008) and Minshull et al. (2009).  
As well as its ability to develop force quickly, the ability of a muscle to relax quickly 
during voluntary contraction is recognised as a relevant characteristic of 
neuromuscular performance (Gapeyeva et al. 2007). As with RFD, no gold standard 
methods exist with a similar lack of consensus regarding how rate of muscle relaxation 
(RFR) should be evaluated. Gapeyeva et al. (2007) and Vahtrik et al. (2012) evaluated 
the half-relaxation time, defined as the time taken to observe half of the decline in 
force during relaxation. An earlier study measured RFR of the quadriceps using the 
time taken for muscle force to decline from 50 % to 25 % of the peak force (Gerrits et 
al. 2000). This thesis calculated RFR using the same rationale as for RFD, where 
RFR was defined as the average rate of force decrease between 75 % to 25 % peak 
force.  
2.4.2.2.3 Electromechanical delay  
Electromechanical delay activation (A-EMD) is an important indicator of motor 
performance and the reaction time between the start of electrical activity and the start 
of tension in skeletal muscle (Zhou et al. 1996). Accordingly, A-EMD has been defined 
as the time interval from stimulation of the muscle by the alpha motor neuron to the 
first observed joint movement evoked by the muscle (Cavanagh and Komi 1979) and 
reflects both electro-chemical and mechanical processes (Lacourpaille et al. 2013). 
Electro-chemical processes include synaptic transmission, generation of the action 
potential and excitation-contraction coupling. The mechanical processes involve force 
transmission along the active and passive parts of the elastic muscle components 
(Cavanagh and Komi 1979; Norman and Komi 1979). Some studies describe A-EMD 
as a constituent of the stretch reflex, which is associated with sport performance and 




Smaller A-EMD values indicate increased performance and protective reflexes (Chen 
et al. 2009). 
The importance of assessing A-EMD has been recognised for several years due to 
its contribution to neuromuscular performance. For example, researchers have used 
A-EMD to examine muscle fatigue (Mercer et al. 1998; Minshull et al. 2007; Yavuz et 
al. 2010; Minshull et al. 2012a), muscle damage (Minshull et al. 2012b; Howatson 
2010), exercise-induced modifications (Reeves et al. 2003; Grosset et al. 2009) and 
musculotendinous stiffness (Badier et al. 1999). Moreover, it is believed that changes 
in EMD may play an integral role in coordination of movement and therefore, in 
physical activities (Vos et al. 1991). However, until now A-EMD has not been 
evaluated in people with severe knee OA awaiting TKA. There are several reasons 
why the assessment of A-EMD may be informative in this clinical population group. 
First, aging can significantly decrease the stiffness of the patellar ligament 
(Karamanidis and Arampatzis 2006) thereby, reducing the capability of the quadriceps 
to rapidly generate force as it needs more time to take up the slack of a more 
compliant structure (Reeves 2006). In addition, scar tissue development is believed 
to delay the reaction time of muscles fibres to a sudden stimulus resulting in a 
prolonged EMD (Kubo et al. 2000; Kaneko et al. 2002). There is discussion regarding 
this claim however, as Georgoulis et al. (2005) found that scar tissue did not produce 
significant changes in knee extensor stiffness or adversely affect muscle EMD. It is 
speculated that deconditioning of the knee extensors may mediate in part an increase 
in A-EMD in this muscle group.  
Muscle relaxation is a physiological response, which involves similar electrochemical 
and electromechanical processes to those within A-EMD. The work of Viitasalo and 
Komi (1981) indicates that muscle relaxation delay is primarily affected by 
electrochemical actions. However, electromechanical delay relaxation (R-EMD) 
describes the latency in time between the cessation of electrical activity and tension 
in skeletal muscle (Ferris-Hood et al. 1996). 
As an index of neuromuscular function A-EMD is supported by excellent intra-day 
reliability (r = 0.93) (Viitasalo et al. 1980) and acceptable measurement reproducibility 
(V % of 6.1 % [Gleeson et al. 1998]; 8.2 % [Viitasalo et al. 1980]). Moreover, several 
studies have reported A-EMD ICC values that either equal or exceed the threshold 




Minshull et al. 2009). Similar test-retest reliability was reported for the R-EMD (ICC > 
0.8) (Blanpied and Oksendahl 2006).  
2.4.2.2.4 Superimposed magnetic stimulation  
Volitional skeletal muscle activation is an important indicator of strength capacity but 
may be limited by motivation, pain and inhibitory processes (Hopkins and Ingersoll 
2000). Since the first study of peripheral nerve stimulation by Barker et al. (1985) in 
1985, magnetic stimulation has often been used to evaluate skeletal muscle 
performance capacity of clinical and asymptomatic populations (Hamnegard et al. 
2004; Man et al. 2004; Sathyapala et al. 2007; Swallow et al. 2007; Minshull et al. 
2011). Superimposed stimulation will increase the force generated by a muscle in the 
instance that is not fully recruited or activated (Krishnan and Williams 2010). Both 
magnetic and electric stimulation, produce similar muscle responses following 
peripheral nerve stimulation (Newman et al. 2003; Verges et al. 2009), however 
magnetic stimulation has the advantage of being painless, technically easier to 
accomplish, and consequently more appropriate for clinical purposes (Man et al. 
2004). Magnetic stimulation aims to provoke greater current flow in the nervous 
tissue, leading to nerve cell membrane depolarisation and the initiation of an action 
potential (Man et al. 2004). The magnetic fields primarily activate larger fibres and 
avoid smaller fibres, which induce pain (Mills 1999). Accordingly, data derived from 
the magnetic stimulation can provide further useful insight into muscle strength and 
fatigue (Polkey et al. 1996; Hamnegard et al. 2004; Vivodtzev et al. 2005). This 
technique is particularly important in a true assessment of volitional muscle activation 
that may be limited due to the presence of pain (Man et al. 2004).  
Although several previous studies have used magnetic stimulation there is an 
absence of data in the literature regarding its use to assess neuromuscular activation 
characteristics in the TKA population. Application of this technique in the TKA 
population may be particularly useful due to the elevated pain level that people 
experience before and after surgery. Accordingly, additional data obtained via 
magnetic stimulation assessments might provide a more accurate representation of 
an individual’s muscle capability. Reproducibility and reliability reported by Minshull 
et al. (2009) for magnetically evoked parameters (V %: 4.3 - 31.2 % and RI: 0.98 - 
0.51 respectively) are comparable to volitional indices of neuromuscular performance 
(V %: 3.7 - 25.2 %; RI: 0.98 - 0.64). Earlier studies have observed similar levels of 




for dynamometry measurements following magnetic stimulation of the knee extensors 
(Polkey et al. 1996; Hamnegard et al. 2004).  
The most frequently employed procedure to interpret superimposition evaluation of 
muscle capability is the central activation ratio (CAR) approach (Kent-Braun and Le 
Blanc 1996; Behm et al. 2001). The CAR is calculated from the ratio of volitional peak 
force to the force resulting from the magnetic stimulation and a percentage value can 
be derived. This CAR approach has been employed in previous studies (Reeves et 
al. 2003; Roberts et al. 2012).  
2.4.2.2.5 Sensorimotor performance  
Sensorimotor performance is commonly termed as ‘proprioception’ and impairments 
of this aspect of physical function is typically observed in people following TKA (Hurley 
et al. 1997; Hassan et al. 2001; Tarigan et al. 2009). However, impaired knee joint 
proprioception is not unique to people with TKA, reduced proprioceptive accuracy of 
the knee has been suggested as an aetiological factor for the initiation and 
progression of OA (Barrett et al. 1991; Sharma 1999; Bennell et al. 2004; Ageberg et 
al. 2007; Bayramoglu et al. 2007). Sensorimotor deficiencies can manifest as altered 
movement strategies and reduced muscle strength (Davidson et al. 2013; Dwyer et 
al. 2013). Further, reduced accuracy in quadriceps force control may negatively 
impact knee joint function and may contribute to abnormal knee joint loading (Perraton 
et al. 2016). Despite agreement regarding reduced sensorimotor performance as a 
mediating factor in knee joint pathology, how this physiological aspect of function 
changes prior to and after TKA is presently not well understood.  
Recently, sensorimotor training has become an essential element in rehabilitation 
guidelines following joint replacement surgery (Pohl et al. 2015). However, there is 
currently no published consensus guidance regarding how to best measure 
sensorimotor performance capabilities. Several outcomes have been used including 
joint position sense, sensation of passive movement, the replication of joint angle, 
force matching tasks and postural sway (Saxton et al. 1995; Beynnon et al. 2002; 
Roberts et al. 2007; Ageberg et al. 2007; Felson et al. 2009; Kwan et al. 2011; 
Gleeson et al. 2013; Smith et al. 2013; Slupik et al. 2013). However, the sensorimotor 
system is complex and covers the entire process from a sensory stimulus to muscle 
contraction (Johansson et al. 1991; Saxton et al. 1995; Ageberg et al. 2007) making 




limited the options for measuring sensorimotor performance to a force-matching task. 
This assessment method has been previously used in clinical populations with knee 
pathology (Gleeson et al. 2013; Bailey et al. 2014) to ascertain participants 
sensorimotor performance capability and determine whether they can scale volitional 
force precisely (Baltzopoulos and Gleeson 2001). Although previous studies have 
used force-matching tasks, research on their reliability and validity is lacking.  
2.4.3 Measurement of self-perceived exercise capabilities 
Regulation of exercise intensity based on a person’s perceived exertion is essential 
to prevent critical interferences of homeostasis (Tucker 2009; De Koning et al. 2011). 
An altered perception of knee function may affect an individual’s ability to effectively 
self-moderate the exercise programme intended to return him/her to full functional 
capability. Setting the appropriate exercise stimulus is important to minimise the risk 
of fatigue, injury, illness (Halson 2014) and susceptibility to infections (Budgett 1990). 
Moreover, it is crucial to achieve desired increases in skeletal muscle size (D’Antona 
et al. 2006), change muscle fibre-type composition (Malisoux et al. 2007), augment 
enzyme activities (Green and Pette 1997) and alter muscle activation (Bishop et al. 
2011). An appropriately adjusted training load is essential to improve an individual’s 
performance (Halson 2014).  
Several task, effort, awareness, exertion and exhaustion time scales have been 
developed to monitor perceived exertion and regulate work-rate (Garcin et al. 1999; 
Swart et al. 2012). The Borg Category-Ratio Scale (CR-10) is a subjective rating scale 
used to measure a participant’s rating of perceived exertion (RPE) (Borg 1998). As 
such, the CR-10 scale is recommended for use during exercise and physical 
assessments to record exertion (Pincivero et al. 2010) as well as, to indicate 
discomfort in part of the body or muscles (Buckley and Eston 2007). The category 
scale has ratio properties that allow the values of the scale to increase exponentially 
(Foster et al. 2001). Additionally, the measurement can reflect a non-linear increase 
in physical function associated with perceived exertion and pain (Borg 1998; Pincivero 
et al. 2003). The Borg scale is also widely accepted across a variety of disciplines due 
to its acceptable psychometric properties, which support its application in healthy and 
clinical populations (Elfving et al. 1999; Chen et al. 2002; Knapen et al. 2003; Izumi 
et al. 2014). Importantly, the RPE scale is a reliable and valid method for monitoring 
exercise intensity of middle-aged to older adults (Shigematsu et al. 2004; Mendelsohn 




to arthritis (Zech et al. 2015). The CR-10 scale employs a numeric rating scale from 
0 to 10, which is anchored with written descriptors (appendix IX). For example, ‘10’ is 
the highest level of exertion a participant may experience on the scale and is 
accompanied by the descriptive anchor ‘extremely strong’, while zero equates to 
‘nothing at all’.  
One approach to predict exercise duration focused on whether people could predict 
exhaustion time, and resulted in the logarithmic estimation of time limit scale (ETL) 
(Garcin et al. 1999). The scale asks people: ‘how long would you be able to perform 
an exercise at this intensity up to exhaustion?’ and records their answer on a scale of 
1 to 20. The scale has been used successfully with runners (Garcin et al. 2004) and 
cyclists (Garcin et al. 2011). Acceptable instrument validity (Garcin et al. 2012) and 
test-retest reliability of r > 0.95 (Garcin et al. 2003) are reported for the ETL.  
There is general agreement regarding a linear relationship between RPE and exercise 
duration (Noakes 2004; Albertus et al. 2005; Eston et al. 2007; Crewe et al. 2008; 
Joseph et al. 2008; Davies et al. 2009; Eston 2012). Although the intention of RPE is 
to monitor an individual’s experience of exertion in response to exercise, it is still not 
clear whether RPE provides an accurate indication of the time to endpoint or exercise 
duration. Recent literature indicates that sensations of effort required for the 
continuation of performance during an exercise task can be segregated from 
perceptions of exertion elicited by the task (Swart et al. 2012). In this respect, it is 
possible that a conscious prediction of the remaining exercise duration produces a 
contrasting pattern of response to RPE. 
2.5. Summary of this chapter 
There is presently a lack of clarity regarding certain factors that might accelerate 
recovery following TKA, such as the role of pre-surgical interventions and waiting time 
prior to surgery. Peri-surgical changes in physical function have received limited 
attention especially the evaluation of physical and physiological performance 
capabilities. An increased understanding of pre-operative physiological impairments 
and functional limitations and how these parameters change in the period prior to 
surgery could assist in the optimisation of the rehabilitation programmes and 
construction of effective pre-surgical exercise interventions. Additionally, enhanced 
understanding of whether divergent paradigms of self-perception of exertional stress 




people may accurately calibrate their own perceived exercise performance and 
exertional capabilities to facilitate appropriate exercise dosage. 
2.6 Research questions 
The primary aim of this study was to answer the following question: which peri-surgical 
neuromusculoskeletal and psychophysiological factors affect the acute recovery of 
physical function following reconstructive knee surgery. The secondary objective was 
to answer the question: are people undergoing TKA able to accurately calibrate self-
perceived exercise performance and exertional capabilities? 
2.7 Research aims 
Aim 1: Identification of differential patterns of change (measuring the affect/amount 
of change) amongst each patient-reported and objectively measured physical 
function, and neuromusculoskeletal capabilities of people undergoing TKA in the 
period prior to (~12 and 3 weeks pre-surgery) and following surgery (6 and 12 weeks 
post-surgery). The aim was to allow descriptions and understanding of objectively 
measured and perceived functional and neuromusculoskeletal changes potentially 
associated with physiological de-conditioning prior to surgery and subsequent 
surgery-related inhibitory responses. 
Aim 2: In order to optimise the constituents for effective exercise interventions, the 
research explored the robustness of patterning of changes over time (~12 weeks pre-
surgery, 3 weeks pre-surgery, 6 weeks post-surgery and 12 weeks post-surgery) for 
patient-reported and objectively measured functional, and neuromusculoskeletal 
capabilities in patients. 
Aim 3: This thesis investigated responsiveness and patterns of changes for outcomes 
of perceived exertion, perceived task duration and neuromuscular performance 
obtained during an intermittent isometric fatigue task (IIF)7. The aim was to enhance 
the understanding of whether people are able to accurately calibrate self-perceived 
exercise performance capability and perceptions of exertional stress. Furthermore, 
                                               





this thesis had the intent to identify whether perceived exertion offers a precise 
reflection of task duration.  
2.8 Research hypothesis 
The following hypotheses were developed following a thorough review of the 
literature. Hypothesis 1 and 2 are related to aims 1 and 2, which focus on the 
identification of patterns of change for each outcome of interest and differential 
patterns of change amongst outcomes potentially associated with de-conditioning. 
Hypothesis 3 relates to aim 3 and the investigation of participants’ accuracy in 
calibrating their own perceptions of exercise performance and exertional capabilities.  
2.8.1 Hypothesis 1 (Chapter 4) 
H08: There are no significant changes in selected self-reported outcome measures of 
physical function (KOOS [primary outcome], OKS, SF-36, PP, IPAQ) of people 
undergoing TKA during a six-month peri-surgical monitoring period (~12 weeks pre-
surgery, 3 weeks pre-surgery,6 post-surgery and 12 weeks post-surgery). 
H1: There are significant changes in selected self-reported outcome measures of 
physical function (KOOS, OKS, SF-36, PP, IPAQ) of people undergoing TKA during 
a six-month peri-surgical monitoring period (~12 weeks pre-surgery, 3 weeks pre-
surgery, 6 weeks post-surgery and 12 weeks post-surgery). 
2.8.2 Hypothesis 2 (Chapter 5) 
H09: There are no significant changes in selected physical performance and 
physiological outcomes of physical function of people undergoing TKA during a six-
month peri-surgical monitoring period (~12 weeks pre-surgery, 3 weeks pre-surgery, 
6 weeks post-surgery and 12 weeks post-surgery). 
                                               
8 For the most part, the extent of differential changes in outcomes over time will be assessed 
by comparison amongst corresponding relative changes in performance compared to the 
baseline and expressed as a percentage. 
9 H0 will be tested for the primary (postural stability [force plate]), and secondary outcomes 
(PFV, RFD, RFR, A-EMD, R-EMD, superimposition, FE, range of movement and thigh and 
knee circumference). The extent of differential time- and leg-related changes in performance 
amongst outcomes will be assessed by comparison of corresponding standardised relative 
changes, that is for example, percentage time-specific changes relative to baseline 





H1: There are significant changes in selected physical performance and physiological 
outcomes of physical function of people undergoing TKA during a six-month peri-
surgical monitoring period (~12 weeks pre-surgery, 3 weeks pre-surgery, 6 weeks 
post-surgery and 12 weeks post-surgery). 
2.8.3 Hypothesis 3 (Chapter 6) 
H0: There will be no congruent patterns of change amongst outcomes of perceived 
exertion, perceived task duration and neuromuscular performance during an IIF for 
people undergoing TKA.  
H1: There will be congruent patterns of change amongst outcomes of perceived 
exertion, perceived task duration and neuromuscular performance during an IIF for 












Chapter 3: General Methods 
This chapter illustrates in detail the instrumentation and methods used within this 
thesis. Specific information on individual studies is provided in the relevant study 
chapters.  
3.1 Study design 
A single centre controlled longitudinal cohort trial was performed at the Robert Jones 
and Agnes Hunt Orthopaedic hospital NHS Foundation Trust (RJAH NHS Trust).  
3.2 Ethical approval 
Ethical approval for the study was granted by the North East – Tyne & Wear South 
Ethics Committee (14/NE/1216) (appendix II a), research and development 
department at RJAH NHS Trust, Oswestry (appendix II b), and Queen Margaret 
University, Edinburgh. This study conformed to requirements of the Declaration of 
Helsinki, and the protocol was registered with the Clinical Trials.gov Protocol 
Registration and Results System.  
3.3 Sample size calculation  
Although this is an exploratory study, the research team thought it important to 
consider feasibility in the context of a likely sample size that would be commensurate 
with requisite experimental design sensitivity associated with temporal and contra-
lateral limb comparisons involving repeated measures. Based on effect sizes (ES) 
estimated from the literature on the primary outcome measures the Knee injury and 
Osteoarthritis Outcome Score (KOOS) and postural stability (force plate) (Steven 
Lapsley et al. 2011 [ES > 1.1]; Vahtrik et al. 2012 [ES > 0.9]; Cho and Hwang 2013 
[ES = 0.7]), it was calculated that 30 total knee arthroplasty (TKA) participants would 
be required for appropriate experimental design sensitivity and statistical power (0.8) 
to accurately describe changes in the primary outcomes (function) across the period 
of the experiment (Type II error: 0.20; Type I error 0.05; relative ES*: moderate to 
large [0.5 - 0.7]). However, a larger sample size would likely be warranted to take into 
account inevitable attrition and the rate at which people volunteered. Therefore, the 
research team needed to approach approximately 45 volunteers for participation. This 
sample size would endow subsequent interpretative analysis of secondary outcomes 
with a power of 0.7 to 0.8 for detection of a moderate relative ES. Previous PhD 
studies conducted at the RJAH NHS Trust have reported a high compliance rate (> 
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90 %). However, the feasibility of achieving the required sample size and the requisite 
experimental design sensitivity has been considered carefully against known rates of 
surgery for the candidate patient group (TKA: ~100 patients per annum). Conservative 
estimates of patient-recruitment (60 % volunteering) and dropout rates (70 % 
retention) during a data acquisition period of ~1.0 year (~6 month follow-up period; 
total study duration: 1.5 years) were also taken into account.  
* Raw ES, expressed relative to the magnitude of the pooled standard deviations (SD) 
associated with: (i) the mean responses at the assessment appointments being 
compared or (ii) between responses of the operated leg and contra-lateral control leg 
at a given assessment occasion, and adjusted for repeated measures (correlation 
associated with ipsi-lateral inter-assessment and contra-lateral leg comparisons 
assumed to be at least 0.70).  
3.4 Participants and recruitment 
Following ethical approval, potential participants were identified from the ‘patient 
waiting list’ for initial consultation with the surgeon and were approached initially by 
the chief investigator in combination with a member of their medical team/consultant 
(RJAH NHS Trust). Individuals satisfying the study inclusion criteria were invited to 
participate in the study (appendix II c) following a provision of a participant information 
sheet (appendix II d). Written informed consent (appendix II e) was subsequently 
obtained prior to study participation. Participants who volunteered and were eligible 
for study inclusion endured assessments that were performed on a ‘next available 
sequence’ basis. There were no disadvantages or immediate benefits to participating 
in the study. Participants in this study followed the normal care and rehabilitation 
pathway (RJAH NHS Trust). Therefore, participants’ pre- and post-operative care was 
not withheld or delayed for any reason.  
Participants in this study were a sample of men and women awaiting primary TKA. 
Individuals were over the age of 16 years and diagnosed with severe osteoarthritis 
(OA). Exclusion criteria were primary knee arthroplasty surgery due to a knee joint 
disease other than OA, rheumatic disorder, alternative orthopaedic conditions 
affecting lower body function, and neurological disorders.  
Figure 3.1 illustrates the flow of participants considered and recruited for this study. 
Overall 71 potential participants from a United Kingdom National Health Service 
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(NHS) Foundation Trust hospital were approached consecutively from February to 
September 2015. Of the 71 potential candidates identified, 52 candidates were 
eligible for study inclusion. The number of people subsequently recruited was reduced 
as two individuals chose not to participate, 10 people declined surgery and the 
medical team did not identify another four sufficiently early. There were no differences 
in age or gender demographics between people who consented to take part and those 
who did not. 
 
 
Figure 3.1 Flowchart of participants’ recruitment. DNA = did not attend; TKA = 
total knee arthroplasty. 
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In total 36 people provided their informed consent to participate in the study, 26 of 
who completed the final assessment. Table 3.1 outlines the sample characteristics. 
All variables were checked for normality and are presented as either mean (± SD) or 
median (interquartile range [IQR]). The mean age of participants was 66.8 ± 1.4 years 
(range 51 - 79 years) with female participants comprising 50 % of the overall 
population. Body mass index (BMI) ranged from 21.2 to 42.7 kg·m-2. Seven 
participants received a Matt Ortho (Leatherhead UK) Medial Rotation KneeTM 
(MRKTM) implant and three individuals had previously undergone TKA surgery on their 
contra-lateral leg (> one year ago). An additional five participants intended to have 
the opposite knee replaced in the near future. The time between orthopaedic 
assessment and surgery was on average 84.7 ± 36.9 days (range 10 - 172 days).  
No participant experienced any significant complications (such as infection, deep vein 
thrombosis [DVT] or prosthesis loosening) that resulted in an increased length of 
hospital stay.  
Table 3.1 Participant characteristics. Data presented as mean (± SD) or median 
(IQR).  
Characteristic  All  Male Female 
n 26 13 13 
Age, years 66.8 ± 1.4 64.2 ± 7.2 69.5 ± 6.2 
BMI, kg·m-2 
30.1  
(21.2 - 42.7) 
31.1  
(22.5 - 42.7) 
29.2  
(21.2 - 40.6) 
Waiting time, days  84.7 ± 36.9 97.2 ± 42.2 72.2 ± 26.7 
Right knee operated, number 13 8 5 
Previous arthroplasty, number 3 3 0 
Contra-lateral arthroplasty 
planned in the future, number 5 
 
 0 5 
MRKTM, number 7 6 1 
PFC, number 19 7 12 
n: number of participants; BMI: Body Mass Index: MRKTM: Matt Ortho (Leatherhead UK) Medial Rotation KneeTM; 
PFC: DePuy Synthes PFC rotating platform (posterior-cruciate ligament retaining prosthesis). 
3.5 Surgical procedure and analgesia 
Total knee replacement surgery is a joint decision between the patient and the 
surgeon. However, the NHS has defined that the diagnosis of severe knee arthritis, 
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assessed using X-ray and an Oxford Knee Score (OKS) of less than 26 points is 
required to be eligible for surgery. The grading categories for the OKS can be found 
in appendix III. Total knee replacement surgery was performed under general or 
spinal (+/- sedation) anaesthesia with saphenous nerve block. Patient’s surgical 
procedures were performed using a medial parapatellar approach by one experienced 
consultant orthopaedic surgeon or a trainee surgeon under the direct supervision of 
a consultant. In addition to any inflamed and damaged joint tissues, the anterior 
cruciate ligament, menisci and osteophytes were removed and replaced by either a 
DePuy Synthes (Leeds UK) PFC rotating platform (posterior-cruciate ligament 
retaining prosthesis) or Matt Ortho (Leatherhead UK) Medial Rotation KneeTM 
(MRKTM) prosthesis. In both cases, the endoprosthesis components were cemented 
and modular bearing components were used. The Depuy PFC prosthesis was chosen 
for patients without fixed knee deformities (flexion, varus or valgus). The surgery was 
performed under tourniquet control (300 mmHg), which was released once the 
implants were cemented (1.5 mix of cement) in place. The overall duration of the 
operation was 60 minutes (average tourniquet time 50 minutes). Post-operative 
medications included Clexane 40 mg once daily (low molecular weight heparin) for 
two weeks, to reduce the likelihood of blood clots, tranexamic acid 1 g six hours post-
surgery and antibiotics (two IV doses of cefuroxime 750 mg). As part of the enhanced 
recovery programme of the RJAH NHS Trust hospital participants received 150 mL 
0.2 % ropivicane local anaesthetic infiltration intra-operatively. All participants were 
mobilised day one post-operatively. Following inpatient hospitalisation for between 
one to five days patients were discharged home and started their rehabilitation within 
two weeks of discharge. Physiotherapists who were independent to the study 
conducted an unstructured rehabilitation programme, which included muscle 
strengthening and mobility exercises. Additionally, the programme was aimed to 
retrain normal movement and activity. 
3.6 Study protocol  
The design of this controlled longitudinal cohort trial involved four repeated-measures 
assessments of patients electing TKA surgery from the time participants were listed 
for surgery (~12 weeks prior to surgery) to 12 weeks following surgery. The 
periodisation of assessments was selected to reflect important logistical and clinical 
epochs in the patient’s pathway of surgical and rehabilitative care.  
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The assessments quantified and described patient-reported and objective measures 
of sensorimotor, neuromuscular and psychophysiological performance capabilities 
and levels of habitual physical activity prior to and around the time of surgery.  
Both limbs of the included participants were assessed in random order for the selected 
outcome measures (the performance outcome of the non-operated leg acted as a 
potential experimental control in this study [contra-lateral limb comparison]). The four 
testing events occurred at the following time points: (i) ~12 weeks pre-surgery10; (ii) 3 
weeks pre-surgery; (iii) 6 weeks post-surgery and (iv) 12 weeks post-surgery. 
Assessment sessions were performed alongside scheduled pre-admission 
appointments, physiotherapy visits or meetings with their consultant and each session 
was no longer than one and a half hours in duration. In total each participant attended 
four assessment sessions. The total period of data acquisition was one year and three 
months. 
3.7 Outcome measurement and instrumentation  
Each assessment session examined the following (3.7.1) Subjective (self-
perceived/patient-reported outcomes [PROs]) and (3.7.2) Objective (physical and 
physiological performance) outcome measures. The first assessment session was 
used to get participants familiarised with the assessment procedures and protocol, 
and to evaluate baseline measurements. Each assessment session began with the 
evaluation of the patients knee and thigh circumference and knee range of movement 
(ROM), followed by the assessment of postural stability using a force measurement 
device and the evaluation of neuromuscular- and sensorimotor performance using 
electromyography (EMG) and dynamometer instruments. Patient-reported outcome 
measures included the KOOS, OKS, the 36-Item Short Form Health Survey (SF-36), 
the Performance Profile (PP) and International Physical Activity Questionnaire 
(IPAQ). The subjective outcome measures selected for this study have frequently 
been used in previous studies assessing people undergoing TKA surgery. The 
psychometric properties of these questionnaires support their usage in clinical 
physiotherapy practice and research capacity (see Chapter 2 ‘Literature Review’ – 
section 2.4.1). The PP was generated with participants during their first assessment 
session and used for subsequent follow-ups. The participant completed all other 
                                               
10 Mean waiting time 84.7 ± 36.9 days 
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subjective outcome measures during the dynamometer and the EMG set up and in 
no particular order. Figure 3.2 illustrates the outcome assessment flow chart protocol. 
Prior to all testing sessions, participants were habituated to the assessment 
procedures, which included a standardised warm-up (walking along a 150 m corridor 
at a self-selected speed) for approximately five minutes.  
 
 
Figure 3.2 Flow chart of study protocol. KOOS = Knee injury and Osteoarthritis 
Outcome Score; OKS = Oxford Knee Score; EMG = electromyography; PP = 
Performance Profile; CR-10 = Borg Category-Ratio Scale; PTD = Perceived Task 
Duration; 36-Item Short Form Health Survey; IPAQ = International Physical 
Activity Questionnaire.  
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3.7.1 Subjective (self-perceived/ patient-reported) outcome measures  
3.7.1.1 Knee injury and Osteoarthritis Score  
A subjective indication of physical function was obtained using the KOOS. The KOOS 
(appendix IV) is a 42-item self-reported condition-specific questionnaire that has five 
discretely reported dimensions: ‘pain’ (nine items), ‘other symptoms’ (seven items), 
‘function in daily living’ (17 items), ‘function in sport and recreation’ (five items) and 
‘knee related quality of life’ (four items) (KOOS User’s Guide 2012). Participants were 
asked to read the questionnaire instructions on the first page prior to filling out the 
KOOS indicating each item with a tick or cross. The rating system of the KOOS utilises 
a five point Likert-scale with anchors and is used to score the items from zero (no 
problems) to four (extreme problems). Completed KOOS questionnaires were entered 
on a scoring spreadsheet, which is available from the http://www.koos.nu webpage. 
Scores are transformed to a 0 to 100 scale, with zero demonstrating extreme knee 
problems and 100 reporting no knee problems. Manual calculations for each subscale 
are performed using the formula below.  
Equation 3.1 Manual score calculation for each subscale of the KOOS. 
𝟏𝟎𝟎 − [
(𝒎𝒆𝒂𝒏 𝒐𝒇 𝒕𝒉𝒆 𝒊𝒕𝒆𝒎𝒔 𝒘𝒊𝒕𝒉𝒊𝒏 𝒕𝒉𝒆 𝒔𝒖𝒃𝒔𝒄𝒂𝒍𝒆 ×  𝟏𝟎𝟎)
𝟒
] 
An aggregate score is not calculated from the KOOS. Instead the KOOS authors 
recommend that each dimension is analysed and interpreted separately (Ross et al. 
1998). If the completed questionnaire included ‘missing data’, a value was substituted 
with the average value for that subscale. If there were more than 50 % of the subscale 
items absent the response was considered invalid and no subscale score was 
calculated (KOOS User’s Guide 2012). If a mark was placed outside the box, the 
closest answer was chosen and if two answers were indicated the box indicating a 
more severe problem was recorded as the participant’s answer. 
3.7.1.2 Oxford Knee Score  
Self-perceived functional performance was also evaluated using the OKS (appendix 
V). The OKS is a 12-item self-administered questionnaire, which evaluates pain and 
function (Dawson et al. 1998). Participants were asked to answer the 12 multiple 
choice questions by indicating their preferred option for each item with a tick or cross. 
Any queries pertaining to terminology or wording were explained to the participant, 
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but no advice on how the participant should score or rate the item was provided. 
Different scoring systems for the OKS are available. This study followed the 
recommendation of Murray et al. (2007), which is also consistent with the RJAH NHS 
Trust practice, whereby each question has been scored on a four point Likert-scale, 
with four being the best outcome. Individual scores were summarised with overall 
scores running from 0 to 48, where a score of 48 represents no adverse symptoms 
and excellent joint function. If the completed questionnaire included ‘missing data’, a 
value was substituted with the average value of all other responses. If more than two 
questions were omitted, the overall score was not calculated. In case two answers 
were indicated for one question the worst response was employed for scoring 
purposes.  
3.7.1.3 The 36-Item Short Form Health Survey 
The SF-36 (appendix VI) is a widely used, general health-related quality of life 
instrument that reflects eight dimensions of health including: physical functioning, role 
physical, role emotional, social functioning, general health, mental health, bodily pain 
and energy/vitality (Ware and Sherbourne 1992). Participants were asked to fill in the 
36 multiple choice questions by ticking or circling the most appropriate answer. Any 
queries pertaining to terminology or wording were explained to the participant, but no 
advice on how the participant should score or rate the item was provided. Items left 
blank (missing item) were inputted as the mean values of the remaining items for the 
subscales, according to the SF-36 guidelines (Ware et al. 1993). The 36 items that 
were pooled to the same scale were averaged to create the eight dimension scores. 
Scores for each of the eight scales range from 0 (‘extreme symptoms/poor health’) to 
100 (‘no symptoms/perfect health’).  
3.7.1.4 Performance Profile of self-perceived knee function  
The PP (appendix VII) was explained to each participant during the first assessment 
and again at the beginning of each follow-up evaluation. The findings by Doyle and 
Parfitt (1997) indicate that people need practice time to yield accurate rates of their 
profile. Consequently, the first assessment included additional time for explanation 
and participant familiarisation with the PP. To guarantee consistency the same 
researcher provided instruction for the PP. Based on the original protocol and 
procedure described by Butler and Hardy (1992), an individualised PP was 
constructed, which identified participants self-perceived physical needs in order to 
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obtain optimal knee functioning. Since its development the PP has been used as a 
template in research and clinical settings (Gleeson et al. 2008; Bailey 2015; Yates 
2015).  
Participants were asked to provide a response to the following question: ‘In your 
opinion, what are the qualities/characteristics you need to improve to have a healthy 
knee?’ Participants were encouraged to think about physical qualities and were 
advised that there were no correct or incorrect answers. Additionally, it was made 
clear that the purpose of the PP was to discover what participants considered was 
important to them. If participants were unable to define applicable ‘constructs’, 
questions were included to cue participants to generate constructs that were suitable. 
Previous literature has identified that prompts from the assessor are helpful in the 
process of bringing personal ‘constructs’ into consciousness (Butler and Hardy 1992). 
In the majority of cases only limited assistance was required, nevertheless some 
participants required examples of completed PPs. However, participants were not 
allowed to copy the same ‘construct’, but were able to reword this construct by using 
their own understanding of the construct. Although each PP chart was unique, 
common examples of ‘constructs’ that participants reported were: ‘pain’, ‘strength’, 
‘flexibility’, ‘giving way’, ‘confidence’, and ‘balance’. Participants were encouraged to 
define at least five constructs, as this number is considered appropriate for clinical 
practice (Yates 2015). Figure 3.3 illustrates a completed PP representing participants 




                  
Figure 3.3 A completed PP chart representing participants self-perceived 
physical needs in order to obtain optimal functioning. Areas indicated in grey 
represent perceived current state on the scale from 0 (‘’not at all like this’’) to 10 
(‘’very much like this’’).  
Following the generation of constructs, participants performed a self-assessment of 
the defined constructs by answering the question: ‘Where would you rate yourself at 
the present time on each of the qualities/characteristics you have listed?’ Participants 
reported their response by ticking or shading an area on a scale of 0 to 10 on the PP. 
The scale was anchored with zero representing ‘not at all like this’ and 10 ‘very much 
like this’. Finally, participants were asked to rate the five most important constructs 
with regards to which qualities/characteristics they felt were needed to be improved 
upon initially to obtain a healthy knee. To represent knee’ function, an average score 
was calculated by adding the scores (maximum score 10) of the five most important 
constructs together, and subsequently, dividing the sum by this number of constructs 
(five).  
Additionally, at the initiation of each assessment, participants filled in the PP chart 
following an intermittent isometric fatigue task (IIF). This second evaluation was 
conducted to illustrate whether the IIF influenced participants perception. The 
‘constructs’ developed for the PP chart (during the baseline assessment) was also 
utilised for follow-up evaluations. However, participants were allowed to add relevant 
‘constructs’ onto the profiling throughout the study period.  
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3.7.1.5 International Physical Activity Questionnaire 
Physical Activity (PA) was monitored using the self-administered IPAQ - short form 
(appendix VIII). The IPAQ short form version assesses the frequency and duration of 
participation in vigorous, moderate, and walking activity, and the time spent sitting 
during the last seven days. For this health-related PA questionnaire, participants were 
asked to answer questions pertaining to time spent on vigorous, moderate and 
walking activities as well as sitting over the previous seven days. Although some 
participants did not consider themselves to be an active person, they were 
encouraged to complete the form.  
The data cleaning process was performed in accordance with the guidelines for data 
processing and analysis of the IPAQ (IPAQ Research Committee 2005). Briefly, 
participant recorded duration (time) of active and sitting behaviours in hours was 
converted into minutes. If participants indicated ‘don’t know’ or missed to fill in the 
information for time or days then that case was not considered for analysis. 
Behavioural outliers were defined as participants with implausible activity data. For 
example, days with activity data exceeding a total sum of 960 minutes (16 hours) of 
walking, moderate and vigorous time variables were excluded from analysis. Time 
values on activities with less than 10 minutes were re-coded to ‘zero’ based on 
evidence indicating that as little as 10 minutes of activity is required to achieve health 
benefits (IPAQ Research Committee 2005; World Health Organisation 2017). In 
addition all walking, moderate and vigorous time variables exceeding three hours or 
180 minutes per day were truncated and re-coded to 180 minutes. This re-coding 
permits a maximum of 21 hours of activity per week for each category (three hours 
multiplied by seven days). 
The scoring system of the IPAQ allows the evaluation of isolated scores for walking, 
moderate-intensity and vigorous-intensity as well as a total score. All scores are 
subsequently expressed as an energy expenditure value in metabolic equivalents 
(METs). Metabolic equivalents are multiples of the resting metabolic rate and a MET-
minute is computed by multiplying the MET score of an activity by the number of 
minutes the activity was performed (IPAQ Research Committee 2005). The equations 
employed to calculate MET scores for walking and various activity intensities captured 




Equation 3.2 Walking activity score. 
Walking MET – min/wk = 3.3 ∗ walking min ∗ walking d 
d = days 
Walking = 3.3 METs 
Equation 3.3 Moderate physical activity score. 
Moderate MET – min/wk = 4.0 ∗ moderate – intensity activity min ∗ moderate – 
intensity d 
d = days 
Moderate physical activity = 4.0 METs 
Equation 3.4 Vigorous physical activity score. 
Vigorous MET – min/wk = 8.0 ∗ vigorous – intensity activity min ∗ vigorous – intensity 
d 
d = days 
Vigorous physical activity = 8.0 METs 
Equation 3.5 Total physical activity score. 
Total MET – min/wk = Walk (METs ∗ min ∗ d) + Mod (METs ∗ min ∗ d) + Vig (METs ∗
 min ∗ d) 
3.7.2 Objective (physical and physiological performance) outcome measures 
3.7.2.1 Postural stability (force plate) 
Postural stability was assessed using a calibrated stable force plate, type 9281B 
(Kistler Instruments AG, Winterthur, Switzerland) (figure 3.4). Indices of postural 
stability such as the centre of pressure (COP), were analysed by force transducers 
and bordered symmetrically on a platform, which evaluates the position and 
displacement of COP at 100 Hz. The centre of pressure is defined as the single point 
location of ground reaction force vector (Doyle et al. 2005) and has been shown to be 
a valid (Mizoguchi and Calame 1995) and reliable measurement (Salavati et al. 2009; 
Salehi et al. 2010).  
Participants were asked to perform a static standing with eyes open activity (handrail 
were available close to the participants should it be needed) using the platform. The 
protocol was performed in accordance with the balance task used in the study of Cho 
and Hwang (2013). Brief, following familiarisation with the assessment procedure, 
participants were required to stand behind the force platform until they received a cue 
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to step on. Participants were then asked to place one bare foot of a single leg on the 
centre of the platform, with the contra-lateral knee in flexion at approximately 90 ° and 
both arms facing the flanks. The foot position was standardised along the x-axis of 
the force plate. The surface of the plate was marked with a cross indicating the place 
where participants were to place their foot. Participants were required to hold this 
standing posture for 10 seconds as calmly as possible while looking forward at a fixed 
point. The gaze target was at eye level in front of the participant and approximately 
two metres away from the anterior edge of the force plate. This trial was performed 
three times in total. If the participant was unable to maintain a single-leg standing 
posture for 10-seconds then the trial was terminated and repeated. In total, data 
collection lasted for 30 seconds. Twenty to 30 second trial duration has been shown 
to be an optimal test-retest reliability (Le Clair and Riach 1996). The 30-second trial 
was reduced to 10 seconds by removing data at the beginning and end of the 30-
second period. The first 10-seconds of data were excluded while the participant 
established steady-state quiet standing. The next 10-seconds (between 10 and 20-
second of the test) were used for the analysis and were considered a true 
representation of quiet standing. The final 10-seconds of the test were also excluded 
to account for any anticipatory response of the participant towards the end of the test. 
The mean value of three successful trials was used for analysis. Data were 
normalised to the COP and stored on a hard disk (Kistler Bioware 3.2.6. software). 
Anterior/posterior (AP) and medial/lateral (ML) displacement of COP was evaluated 
along the x-axis and y-axis, respectively. Additionally, the COP velocity was 
evaluated. Force plate parameters employed in previous researches that have been 
defined as clinically interpretable (Takacs et al. 2014) and able to detect age-related 






Figure 3.4 Force plate (left) and standardised postural stability position (right). 
3.7.2.2 Neuromuscular and sensorimotor measurements  
3.7.2.2.1 Participant and dynamometer orientation  
The participant was seated in a comfortable position on a custom-built dynamometer 
(Gleeson et al. 2008). A calf pad with a strap, proximal to the lateral malleolus secured 
the leg to the bilateral level arm of the dynamometer. In addition, a seat belt around 
the waist minimised pelvis movements and ensured localised action of the involved 
musculature. Adjustment of the dynamometer, specific to each individual, was 
recorded with the knee joint and the dynamometer centre of rotation aligned as close 
as possible. A knee flexion position of 45 ° (0 ° is full extension) (Gleeson et al. 2002) 
and a hip angle of 110 ° (Vahtrik et al. 2012) between the seat back and seat pad of 
the dynamometer apparatus was maintained throughout testing. A manual 
goniometer was used to determine the knee and hip flexion angle of each participant. 
Prior to initiation of the assessment procedures, the dynamometer was calibrated, 
and during all measurement days the ambient room temperature was monitored and 
maintained at 21 ° C. The test position of the participants on the dynamometer 
apparatus is illustrated in figure 3.5. 
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Figure 3.5 Participants and dynamometer orientation. 
3.7.2.2.2 Electromyography recordings 
Electromyography recordings from the quadriceps muscles were obtained to assess 
indices of neuromuscular performance. Electromyography is a non-invasive tool for 
monitoring muscle function (Kollmitzer et al. 1999) and has been successfully used in 
previous studies along with dynamometer testing to evaluate indices of 
neuromuscular and sensorimotor performance (e.g., Gleeson et al. 2013; Bailey et al. 
2014). Electromyography activity was recorded from two of the quadriceps femoris 
muscles (vastus lateralis and vastus medialis) during the estimation of volitional and 
magnetically-evoked indices of neuromuscular performance. For the EMG recording, 
bipolar surface electrodes (ECG electrodes, self-adhesive, Ag/AgCl, gelled; 40 mm 
diameter; Ambu, Denmark) were placed parallel to the orientation of the muscle fibres 
over the belly of the vastus lateralis (at two thirds distance along the line between the 
palpable anatomic landmarks of the spina iliaca anterior superior and lateral side of 
the patella) and vastus medialis (at 80 % of the distance between the spina iliaca 
anterior superior and the joint space in front of the anterior border of the medial 
ligament) (figure 3.6). A measurement tape was used to determine the midpoint 
between the proximal origin and distal insertion of the muscle. The distance between 
each electrode was three centimetres (cm), and the reference electrode was applied 
3 cm laterally (Minshull et al. 2011). Prior to the application of the electrodes, the skin 
was prepared in a standardised way, which included localised hair removal and skin 
cleansing with alcohol. Skin preparation, and electrode location and application were 
carried out in line with the recommendations of the SENIAM (Surface 
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ElectroMyoGraphy for the Non-Invasive Assessment of Muscles) guidelines 
(Hermens et al. 2015) and previous research (Minshull et al. 2009; Hannah et al. 
2011). The standardised skin preparation technique employed in the present study 
produced an inter-electrode impedance of less than 5 kΩ. The positions of the 
electrodes were marked on transparency film using indelible ink to ensure 
standardisation on each testing day. The quadriceps femoris muscle was selected for 
physiological assessment, as this muscle is associated with knee OA (Hurley 2003; 
Mizner et al. 2005a), and an important predictor of disability (McAlindon et al. 1993; 




Figure 3.6 Placement of the surface bipolar electrodes over the belly of the 
vastus lateralis (left) and vastus medialis (right). 
The conditioning of the EMG signals was consistent with observations from previous 
studies (Minshull et al. 2007; 2009; 2011; Hannah et al. 2011). The “raw unfiltered 
EMG signals were passed through a differential amplifier (1902 Mk IV; Cambridge 
Electronic Design, UK), input impedance 10,000 M, CMRR 100 dB, gain 1000, and 
filtered (Butterworth 2nd order; 1 kHz cut-off frequency). The signals, which 
incorporated minimal intrusion from induced currents associated with external 
electrical and electromagnetic sources and noise inherent in the remainder of the 
recording instrumentation, were analogue-to digitally converted at 2.5 kHz sample 
rate, ensuring a significant margin of reserve between the highest frequency expected 
in the EMG signal and the Nyquist frequency.” (Minshull et al. 2009, p. 1015).  
3.7.2.2.3 Assessment of neuromuscular performance 
Indices of neuromuscular performance of the knee extensor muscles in both the knee 
scheduled for TKA surgery and contra-lateral control limb were assessed. Once the 
limb to be tested was secured into position on the dynamometer the participant 
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performed a specific muscle warm-up that included progressively stronger isometric 
contractions: 2 x 25 %, 50 %, 75 % and 100 % of subjectively judged maximum 
voluntary contraction (Minshull et al. 2007; 2009). During this warm up each voluntary 
contraction was maintained for two to three seconds with a rest period of 10 seconds 
between muscle contractions. Following a five-minute rest, participants received an 
auditory signal, given randomly between one to four seconds following the command 
to prepare for movement was given. Upon hearing this auditory signal the participant 
attempted to activate their quadriceps muscle as rapidly and forcefully as possible by 
extending the knee joint against the pad of the lever arm. A force meter (300 kg 
compression, tension load cell, Tedea-Huntleigh, Cardiff, UK) attached to the level 
arm recorded the force output in Newtons (N). An additional auditory signal informed 
the participant to relax the muscle after a two to three second contraction period. This 
procedure was repeated three times for each limb (quadriceps muscle). Ten seconds 
rest between the trials ensured neuromuscular recovery (Moore and Kukulka 1991). 
Participants received verbal encouragement during all three trials. The consistency of 
testing procedures was maintained by employing the same observer with 
standardised commands.  
Superimposed magnetic stimulation of the nervus femoralis (L1 - L4) and subsequent 
activation of the knee extensors was achieved using a double wound coil (120 mm) 
(figure 3.7) powered by a Magstim 200 stimulator (Magstim, Whitland, UK). The 
protocol used for the evaluation of superimposition is similar to previously published 
methodologies (Minshull et al. 2011; Gleeson et al. 2013). The coil head was 
positioned high in the femoral triangle just lateral to the femoral artery. The optimum 
position was defined as the position that generates the greatest twitch tension by 
using submaximal stimuli (Polkey et al. 1996; Hamnegard et al. 2004). Supra-maximal 
stimulation was verified by visual inspection of the data during a sequence of discrete 
stimulations of increasing intensity, starting at 40 % of the maximal stimulator output 
and increasing in 10 % increments up to 100 %. The optimised coil position was 
manually maintained throughout the remainder of the test. Superimposed magnetic 
stimulation was delivered while participants activated their quadriceps muscle 
maximal. Participants were prompted to maintain the force after the superimposed 
magnetic stimulation was delivered and until they received the command to relax. 
Three superimposed magnetic stimulations (at 100 %) were delivered to obtain 





Figure 3.7 Double wound coil for superimposed magnetic stimulation. 
3.7.2.2.3.1 Indices of neuromuscular performance: volitional peak force, 
superimposition, rate of force development, rate of force relaxation, 
electromechanical delay activation and electromechanical delay relaxation 
All neuromuscular performance indices were recorded three times within each 
assessment and the mean responses were subsequently derived for final statistical 
analyses. The index of volitional peak force (PFV) and superimposition was registered 
as the highest force response during intra-trial replicates. Volitional peak force was 
documented in N. For the superimposition based evaluation procedure a percentage 
calculation using the central activation ratio (CAR) approach was utilised (equation 
3.6). Rate of force development (RFD) was defined as the time difference between 
the onset of EMG activity and the onset of force, as well as the rapidity by which the 
force increased after onset. Rate of force development was calculated as the average 
rate of force increase between 25 % and 75 % of PFV. Rate of force relaxation (RFR) 
was noted as the average rate of force decrease between 75 % and 25 % of the PFV. 
Rate of force development and relaxation were recorded in Newtons per second (N·s-
1). The time delay between the onset of EMG and the onset of force was computed 
as electromechanical delay (EMD) during the voluntary muscle activation (A-EMD). 
The EMD between the quiescent EMG and the loss of force was computed as EMD 
during the voluntary muscle relaxation (R-EMD). Both, A-EMD and R-EMD were 
documented in milliseconds (ms). The onset of electrical activity as well as muscle 
force were defined as the first point in time where the recorded signals consistently 
exceeded the 95 % confidence limits of the background electrical noise amplitude 





Equation 3.6 Central activation ratio (%). 
𝐶𝐴𝑅 =  (
𝑃𝐹𝑣
𝑃𝐹𝑣 + 𝑠𝑢𝑝𝑒𝑟𝑖𝑚𝑝𝑜𝑠𝑒𝑑 𝑓𝑜𝑟𝑐𝑒
) ∗ 100 
PFv = volitional peak force 
(Kent-Braun and Le Blanc 1996) 
 
Figure 3.8 Example of raw data of force and EMG.  
3.7.2.2.4 Assessment of sensorimotor performance (force error) 
Sensorimotor performance was defined as the assessment of the error in matching a 
‘blind’ target force. Each testing occasion included two familiarisation trials, whereby 
each participant was acquainted with 50 % of his/her daily peak force (blinded) 
(Pincivero et al. 2000; Gleeson et al. 2013; Bailey et al. 2014). During the 
familiarisation trial, standardised verbal feedback (higher/lower) was provided to 
facilitate further improvements in performance precision. Following the familiarisation 
trial, the test was performed during which no verbal feedback was provided. The mean 
response of three trials was used for subsequent analysis. Equation 3.7 was used to 
compute force error (FE), a constant error around a target force, where lower values 
reflect better sensorimotor performance.  
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Equation 3.7 Force error. 
𝐹𝐸 =  [
(𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑠𝑐𝑜𝑟𝑒 − 𝑡𝑎𝑟𝑔𝑒𝑡 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑠𝑐𝑜𝑟𝑒)
𝑡𝑎𝑟𝑔𝑒𝑡 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑠𝑐𝑜𝑟𝑒
] ×  100 % 
(Gleeson et al. 2013) 
In addition to the objective evaluation of FE, participants were asked to rate whether 
they perceived that the target performance was reached. Accordingly, people ranked 
their performance as either: ‘lower’, ‘matched’ or ‘higher’. Three recordings were taken 
within each assessment and the mean responses used for statistical analysis.  
3.7.2.2.5 Intermittent isometric fatigue task  
Each assessment session also included an IIF similar to the task conducted by 
Shepherd et al. (2013). Participants were asked to complete an inter-set of the IIF by 
holding 70 % of their daily peak force for 10 seconds. People were ‘blinded’ to the 
exact magnitude of the target force. Two pre-assessment trials familiarised 
participants with the process of guidance to the target force (i.e., higher, lower, hold it 
there and remember that level of force). Standardised verbal encouragement and 
guidance, provided by the researcher, assisted participants to maintain the target 
force during the IIF set. An audible signal cued the participant to activate and relax 
the quadriceps muscle. Measures of perceived exertion such as, the Borg Category-
Ratio Scale (CR-10) (appendix IX) and perceived task duration (PTD) were 
documented during each IIF inter-set rest period (10-second-muscle activation and 
five-second rest). For the CR-10 scale the following question was asked: ‘Think about 
the feelings in your working muscles during your last effort, please rate those feelings’. 
The perceptual task duration was recorded by asking each participant: ‘How many 
more of these sets are you able to perform?’ The IIF was completed when participants 
reported that they were unable to activate their muscle to the targeted 70 % for 
another set. Indices of neuromuscular performance capability and the PP, as 
measures of perceived deficits in functional capabilities, were employed prior to and 
immediately following the IIF. 
3.7.2.3 Knee range of movement 
Active ROM was evaluated using a goniometer system and values were reported in 
degrees (°). The centre of rotation of the goniometer was aligned with the centre of 
the lateral femoral epicondyles. The distal arm of the goniometer was aligned with the 
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lateral malleolus and the proximal arm was aligned with the greater trochanter of the 
femur. To evaluate knee flexion, participants were positioned in supine and asked to 
actively bend their knee by sliding the heel towards the buttocks (figure 3.9). To 
determine knee extension, subjects remained supine with their heel resting on a 10 
cm high wooden block. Participants were asked to straighten their knees by activating 
their quadriceps muscle (figure 3.10). Range of motion values were recorded in 
degrees with positive values indicating a position of knee flexion and negative values 
indicating knee extension (Mizner et al. 2005b).  
Validity and reliability of goniometric measurement is well published (e.g., Rothstein 
et al. 1983; Gogia et al. 1987; Watkins et al. 1991; Brosseau et al. 1997; Cibere et al. 
2004; Piriyaprasarth and Morris 2007; Jakobsen et al. 2010). Knee ROM measured 
with a goniometer has clinically acceptable reliability with a coefficient of 0.96 for 
flexion and 0.81 for extension in patients suffering from knee OA (Cibere et al. 2004) 
and an intra-test and inter-test correlation coefficient for knee flexion in people with 
knee arthroplasty of 0.79 to 0.92 and 0.91, respectively (Edwards et al. 2004). 
 
 
Figure 3.9 Knee flexion ROM. Figure 3.10 Knee extension ROM. 
3.7.2.4 Anthropometric measurements 
3.7.2.4.1 Knee and thigh circumference 
Knee circumference was measured to the nearest 0.1 cm in a supine position at a 
distance of 1 cm proximal to the superior pole of the patella (Gumpel et al. 1980; Holm 
et al. 2010) using the same anthropometric tape measure (nonelastic tape [polyester, 
reinforced]; Germany) (figure 3.11). Participants were instructed to relax in the supine 
position with their knee extended. Reported intra-tester and intra-day reliability of this 
measurement is excellent, with an intra-class correlation coefficient (ICC) of 0.98 
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(Jakobsen et al. 2010). Knee joint circumference is a useful assessment tool for short-
term evaluations (Jakobsen et al. 2010). Thigh circumference was also measured to 
the nearest 0.1 cm in a relaxed supine position. Girth of the thigh was measured at a 
distance 15 cm proximal to the superior pole of the patella (Soderberg et al. 1996; 
Kaneko et al. 2002) (figure 3.12). This girth measurement of the limb has clinically 
acceptable intra-test reliability (ICCs > 0.94) and inter-test reliability (ICCs > 0.84) 
(Soderberg et al. 1996; Harrelson et al. 1998) and is a commonly used clinical method 
for documenting muscle bulk and swelling (Swann and Harrelson 2012). 
Knee and thigh circumference were evaluated on both the operated and non-operated 
leg and changes over time were quantified as absolute (cm) values. 
  
Figure 3.11 Knee circumference. Figure 3.12 Thigh circumference. 
3.7.2.4.2 Other anthropometric measurements 
Anthropometric data such as height (cm), weight (kilogramme [kg]), BMI (kg·m-2), 
comorbidities and medications were collected through the review of the participants’ 
medical files after enrolment onto the orthopaedic waiting list. These data were 
normally recorded and measured by a qualified nurse during the pre-admission clinic, 
which took place three weeks (± one week) prior to surgery.  
3.8 Statistical analysis 
Comparative statistical analysis using quantitative data was performed using IBM 
Statistical Package for the Social Science (IBM SPSS, Illinois, USA), version 21.0 (or 
greater) for Windows software. Unless specified, data are presented as group mean 
and SD. Statistical significance level was set at p < 0.05. 
Missing or ‘outlier’ data were taken into account on an individual basis and the 
reasons for absence or abnormality were recorded. In the event that a participant 
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decided to withdraw from the study, their data were subsequently excluded from the 
final statistical analyses, but was included within subsequent ‘intention-to-treat’ 
analyses to check for the intrusion of bias. 
3.8.1 Chapter 4 and 5 
Separate analyses of variance (ANOVAs) model involving factors of time (~12 weeks 
pre-surgery; 3 weeks pre-surgery; 6 weeks post-surgery and 12 weeks post-surgery) 
were utilised to evaluate self-perceived (OKS, KOOS, SF-36, PP and IPAQ) functional 
changes over the peri-surgical period (Chapter 4). Changes in performance-based 
outcomes (postural stability, indices of neuromuscular performance, sensorimotor 
performance, ROM and knee and thigh circumference) were evaluated statistically 
using separate ANOVAs (leg: operated; control leg) with repeated measures (time: 
~12 weeks pre-surgery; 3 weeks pre-surgery; 6 weeks post-surgery and 12 weeks 
post-surgery) (Chapter 5). The assumptions supporting the use of ANOVA with 
repeated measures were checked, and violations were corrected using the 
Greenhouse-Geisser adjustment for the degrees of freedom associated with the 
critical F-value. In addition, reverse Helmert orthogonal a priori differences rather than 
post-hoc statistical analyses were utilised. This ‘planned comparison’ has the 
advantage of eliminating the chance that a false hypothesis for a true one and vice 
versa might be mistaken by the researcher (Field et al. 2013). Additionally, the a priori 
analytical testing is time saving due to its pre-planned approach for data collection. 
However, this needs to be based on appropriately considered conceptual or data-
driven models of expectations for change or difference amongst the outcome data. A 
Friedman ANOVA (non-parametric equivalent) was employed for data where the 
underlying distribution was not normal, which was the case for the IPAQ. 
In order to indicate outcome responsiveness, indices such as relative ES and 
percentage changes relative to the baseline assessments (~12 weeks pre-surgery) 
were provided. Relative ES was evaluated using the formula for Cohen’s d or 
Pearson’s r for parametric and non-parametric tests, respectively (the reader is 
referred to the chapters for detailed equations). 
3.8.2 Chapter 6  
Changes in CR-10 and PTD over the duration of the IIF were analysed separately 
using leg (operated, control leg) by time (~12 weeks pre-surgery, 12 weeks post-
surgery) by task progression (10 %, 20 %, 30 %, 40 %, 50 %, 60 %, 70 %, 80 %, 90 
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%, 100 %) three-way repeated measures of ANOVA. A three-factor ANOVA (leg: 
operated, control leg; time: ~12 weeks pre-surgery, 12 weeks post-surgery; task 
stage: pre-IIF, post-IIF) was employed to examine the effect of repeated exposures 
to the IIF on indices of neuromuscular performance (PFV, RFD, RFR, A-EMD, R-EMD 
and CAR). A two-factor ANOVA (time: ~12 weeks pre-surgery, 12 weeks post-
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Chapter 4: Change in patient-reported functional performance 
4.1 Introduction 
The overarching aims of interventions for severe orthopaedic conditions are to relieve 
pain and to improve and restore physical function (Pham et al. 2003). Comprehensive 
evaluation of patient health status has become important since the introduction of 
evidence-based practice (Angst et al. 2001; Sackett 2002) and the greater demand 
on guidelines for medical actions in the healthcare system (Lawrence et al. 1989; 
Murray and Lopez 1997; Kyte et al. 2015). In addition, the value of healthcare 
interventions has been under close examination to yield both high quality and cost-
effective care (Ramkumar et al. 2015). Moreover, since 2009, the accumulation of 
patient perception of their health status, containing satisfaction and quality of life 
(QoL) scores, has become mandatory in the National Health Service (NHS) 
(Department of Health 2012). 
Self-report questionnaires that indicate health status have become effective methods 
of assessing outcomes. Patient-reported outcomes (PROs) can capture patients’ 
unique perspectives in respect to understanding of the effects of a disease and 
treatment (Revicki et al. 2000; Wilke et al. 2004) and can highlight the success of an 
intervention (Bourne 2008; Ghomrawi et al. 2011; Seil and Pape 2011). Moreover 
since the time of Hippocrates, listening to people has been acknowledged as a 
necessary and important element of medical science (Hippocrates 1923, cited in 
Revicki et al. 2008, p. 102).  
In order to be appropriate for use in research and clinical studies, assessment 
instruments need be reliable and valid (Revicki et al. 2000; Hays and Revicki 2005; 
Bourne et al. 2010; Kyte et al. 2015). Moreover, responsiveness has been considered 
an essential clinimetric property (Lindeboom et al. 2005; Ko et al. 2013) and has been 
recommended by the Outcome Measures in Rheumatoid Arthritis Clinical Trials 
(OMERACT) as the most important assessment characteristic (Bellamy et al. 1997). 
Responsiveness is a facet of construct validity (Hays and Hadorn 1992; Streiner and 
Norman 2003; Mokkink et al. 2010a) and is evaluated by assessing the relationship 
of changes in clinical and patient-based endpoints, and changes in self-reported 
outcome scores over time (Mokkink et al. 2010b; Giesinger et al. 2014), or determined 
on the utilisation of an intervention of known and indicated efficacy (Husted et al. 
2000; Hays and Revicki 2005). A variety of approaches are utilised for the 
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interpretation of changes or differences, but to date, no ‘gold standard’ method exists 
(Beaton et al. 1997; Revicki et al. 2008). Care needs to be accounted for when 
employing the term responsiveness as different definitions have been used for this 
terminology. Husted et al. (2000) proposes that there are two different aspects of 
responsiveness, each having its own statistical approach: ‘internal responsiveness’, 
which characterises the outcomes capability to reflect change in the measure using a 
paired t-test or effect size (ES) calculation (Cohen’s d, standardized response mean 
[SRM], or Guyatt’s responsiveness index [GRI]); and the ‘external responsiveness’, 
which identifies the extent to which changes in an assessment relates to a reference 
instrument over a specific period of time using receiver operating characteristic curves 
(ROCs), correlation and regression models. Mokkink et al. (2012) consider the 
‘internal responsiveness’ approach as an inappropriate method for the evaluation of 
psychometric responsiveness as it does not assess the quality of the measurement. 
The intention of this thesis is not to evaluate psychometric responsiveness, hence the 
terminology ‘responsiveness’ used within this chapter, refers to ‘internal 
responsiveness’ as described by Husted et al. (2000). Nevertheless the more precise 
a measurement is in terms of psychometric responsiveness, the more accurately 
changes can be defined (Fitzpatrick et al. 1998).  
Responsiveness is particularly relevant in the evaluation of total knee arthroplasty 
(TKA), where patients’ physical function changes considerably in the acute post-
operative state (Escobar et al. 2007; Giesinger et al. 2014). Responsiveness may 
have the advantage of indicating clearly at which time point different measurement 
instruments adequately capture change (Giesinger et al. 2014). Further, it is essential 
to evaluate outcomes at an early point to identify aberrant deviations in performance 
(Browne et al. 2013). Moreover, the evaluation of patient’s pre-surgical health status 
is particularly important, due to its strong relationship with post-operative outcomes 
(Fortin et al. 1999; 2002; Jones et al. 2003; Lindgard et al. 2004; Mizner et al. 2005c).  
Total knee arthroplasty has become a successful intervention for people with end-
stage degenerative joint disease like osteoarthritis (OA) (Bolink et al. 2015), and is 
becoming increasingly common as the population ages and obesity prevalence 
increases (Woolf and Pfleger 2003; White 2006). Despite the positive outcome of the 
surgery, a significant proportion of people remain dissatisfied with their outcome 
(Noisseux et al. 2014), mainly due to the existence of residual symptoms and a failure 
to fulfil pre-surgical expectations (Lingard et al. 2006; Gandhi et al. 2009; Bourne et 
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al. 2010; Ghomrawi et al. 2011). A recent trend in average age of knee arthroplasty 
patients indicates that a higher proportion of younger (NHS Scotland 2014) and more 
active people will undergo replacement surgery, in expectation of a more active 
lifestyle following their operation (Nilsdotter et al. 2009; Papalia et al. 2012). This shift 
in age and activity characteristics of people electing TKA may challenge commonly 
used assessment instruments (Bolink et al. 2012).  
No gold standard measurement has been defined for the evaluation of physical 
function of people undergoing TKA (Bourne 2008; Collins and Ross 2012) and to date, 
a plethora of instruments have been utilised. A number of systematic reviews have 
summarised the most frequently used instruments and provided recommendations 
regarding the most appropriate measures (Davis 2002; Ethgen et al. 2004; Alviar et 
al. 2012; Collins and Roos 2012; Alnahdi 2014; Ramkumar et al. 2015). These 
reviews indicate that the Western Ontario and McMaster Universities Osteoarthritis 
Index (WOMAC), Oxford Knee Score (OKS) and the Knee injury and Osteoarthritis 
Outcome Score (KOOS) are some of the most frequently recommended and applied 
knee-specific instruments. Additionally, the 36-Item Short Form Health Survey (SF-
36) is one of the most commonly used generic health outcome instruments. A variety 
of self-report questionnaires are employed in clinical and research settings, with 
health professionals increasingly relying on PROs to make clinical decisions and 
monitor outcomes (Stevens-Lapsley et al. 2011) as well as rating the success of the 
surgical intervention. However, a lack of uniformity in instrument’ adoption, evident in 
the literature, appears to suggest that it is implicitly assumed that PROs adequately 
capture similar changes in physical function and may be used interchangeably.  
To date, no study has identified whether commonly used PROs identify similar 
changes in physical function during the peri-surgical period. Further, it is unclear 
whether there is a different hierarchy of preference for selecting assessment 
instruments optimally prior to and following TKA surgery. It is recommended that more 
difficult items of physical function be included in PROs (Weiss et al. 2002; Ross et al. 
2006) even though some of the items may not be relevant immediately after the 
operation. A priori based on evidence from the literature (e.g., Bachmeier et al. 2001; 
Kapstad et al. 2007; McHugh et al. 2008b; Desmeules et al. 2010; Mizner et al. 2011; 
Hamilton et al. 2012) it is hypothesised that frequently employed self-report measures 
will all reflect a steady decline in physical function before surgery (~12 weeks pre-
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surgery to 3 weeks pre-surgery) and show improved outcomes at week 6 and 12 post-
surgery relative to ~12 weeks prior to surgery.  
4.1.1 Summary 
Patient-reported outcomes are an essential part of healthcare that support in 
identifying the effects of a disease and treatment and highlight the success of an 
intervention. Provided the number of self-report assessment methods currently in use 
for people undergoing TKA, there is a pressing need to ensure that these evaluations 
are all capable of indicating similar changes in physical function. There is currently a 
gap in the literature pertaining to the comprehensive analysis of different assessment 
instruments, at different time points in the lead up to, and immediately following TKA 
surgery. The aim of this study was to examine peri-surgical changes in physical 
function using the most frequently employed PROs. This may provide more detail on 
functional limitations and allow descriptions and understanding of perceived patterns 
of change for functional outcomes potentially associated with deconditioning. An 
additional objective was to investigate whether the selected PROs all identify changes 
similarly. This data would assist in determining which self-report instrument/s might 
be preferred for the evaluation of physical function before and immediately after TKA.  
4.2 Methods 
4.2.1 Study design and ethical approval  
This controlled longitudinal cohort trial was performed at the Robert Jones and Agnes 
Hunt Orthopaedic hospital NHS Foundation Trust (RJAH NHS Trust) and conducted 
in accordance with the ethical principles described in the Declaration of Helsinki. 
Ethical approval was obtained from the North East – Tyne & Wear South Ethics 
Committee, research and development department at RJAH NHS Trust, Oswestry, 
and Queen Margaret University, Edinburgh. Additionally, the study protocol was 
registered with the Clinical Trials.gov Protocol Registration and Results System.  
4.2.2 Participants 
Thirty-six people diagnosed with severe knee OA and awaiting primary knee 
arthroplasty surgery gave written informed consent prior to study initiation. Of this 
initial participant group, 26 people (female: n = 13; age: 66.8 ± 1.4 years [mean ± 
standard deviation (SD)]; body mass index [BMI]: 30.1 kg·m-2 [range 21.2 - 42.7 kg·m-
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2]; waiting time: 84.7 ± 36.9 days) completed this study. The characteristics of the 
participants included in this study are described fully in Chapter 3 ‘General Methods’ 
– table 3.1.  
4.2.3 Assessment procedure 
The reader is referred to Chapter 3 ‘General Methods’ – section 3.7.1 for detailed 
information on the assessment instruments and procedures used in this study. The 
methodological description below provides a brief summary of the assessment 
procedures employed.  
The design of this study involved four repeated-measures assessments of people 
electing TKA surgery, across a period of approximately six months (168 days), from 
the time participants were listed for surgery (typically ~12 weeks prior to surgery) to 
12 weeks following their operation. The periodisation of assessments has been 
selected to reflect important logistical and clinical epochs in the patients’ pathway of 
surgical and rehabilitative care. The assessments quantified and described patient-
reported functional status prior to and around the time of surgery. The four testing 
occasions took place at the following time points: (i) ~12 weeks pre-surgery11; (ii) 3 
weeks pre-surgery; (iii) 6 weeks post-surgery and (iv) 12 weeks post-surgery.  
At each assessment session, responses to the following subjective outcome 
measures were recorded: the KOOS, OKS, the SF-36, the Performance Profile (PP) 
and International Physical Activity Questionnaire (IPAQ). The selected subjective 
outcome measures have been commonly used in previous studies to assess people 
undergoing TKA surgery. The psychometric properties of the questionnaires support 
their usage in clinical physiotherapy practice and in a research capacity. The PP was 
appended to the subjective outcome battery, as unlike the KOOS, OKS and SF-36 
and IPAQ, it evaluated constructs that were bespoke to the participant. Further 
background information regarding the selected outcome instruments can be found in 
Chapter 2 ‘Literature Review’ – section 2.4.1. 
4.2.4 Data scoring 
Scoring of the PROs was performed according to the guidelines provided for each 
outcome measurement and is detailed in Chapter 3 ‘General Methods’ – section 3.7.1.  
                                               
11 Mean waiting time 84.7 ± 36.9 days. 
  
121 
4.2.5 Statistical analyses 
Data were entered and analysed using IBM Statistical Package for the Social Science 
(SPSS) version 21.0 (SPSS Inc., Chicago, IL, USA). Initially, data were examined for 
normality using the Shapiro-Wilk test and where appropriate, parametric statistical 
analysis was used. There is some discussion in the literature regarding the most 
appropriate approach for analysing and presenting SF-36 data (Fayers and Machin 
2000; Walters and Campbell 2004). Torrance et al. (2009) compared conventional 
parametric, non-parametric, bootstrapping and log transforming methods, and 
concluded that the choice of statistical methods used to analyse SF-36 data had no 
influence on the results. Accordingly Torrance et al. (2009) recommends the 
conventional approach, using straightforward parametric tests, which may be 
advantageous in allowing direct comparisons with other studies. Consequently, SF-
36 data within this thesis were analysed and presented using parametric tests.  
Separate analyses of variances (ANOVAs) for the subjective measures of physical 
function (OKS, KOOS, SF-36, PP and IPAQ) were used to assess changes over time. 
An ANOVA model involving factors of time (~12 weeks pre-surgery, 3 weeks pre-
surgery, 6 weeks post-surgery and 12 weeks post-surgery) was utilised to evaluate 
perceived functional changes over the peri-surgical period. The assumptions 
supporting the use of ANOVA with repeated measures were verified, and violations 
were corrected using the Greenhouse-Geisser adjustment for the degrees of freedom 
associated with the critical F-value. In addition, reverse Helmert orthogonal a priori 
differences rather than post-hoc statistical analyses, were employed. Unless 
specified, data are presented as group mean and ± SD. A Friedman ANOVA (non-
parametric equivalent) was employed for data where the underlying distribution was 
not normal, which was the case for the IPAQ. A priori alpha level was set at p < 0.05. 
In order to indicate outcome responsiveness, indices such as relative ES and 
percentage changes relative to the baseline assessments (~12 weeks pre-surgery) 
were provided. Relative ES was evaluated using the formula for Cohen’s d (equation 






Equation 4.1 Cohen’s d parametric ES calculation. 




Where M1 = Baseline mean and M2 = Mean of the follow-up assessment at 3 weeks 
pre-surgery, 6 or 12 weeks post-surgery.  
(Cohen 1988) 
Equation 4.2 Pearson’s r non-parametric ES calculation.  




Z = standard normal deviate 
 N = sample size 
(Rosenthal 1991; Field 2012) 
Table 4.1 Thresholds for small, medium and large ES for Cohen’s d and 
Pearson’s r (Cohen 1988; Cohen 1992; Dawson et al. 1998). 
Effect size Small Medium Large 
Cohen’s d 0.2 0.5 0.8 
Pearson’s r 0.1 0.3 0.5 
4.3 Results  
4.3.1 Knee injury and Osteoarthritis Score  
Factorial analysis of variance with repeated measures indicated significant time of 
assessment (~12 weeks pre-surgery, 3 weeks pre-surgery, 6 weeks post-surgery and 
12 weeks post-surgery) differences for all subscales of the KOOS (pain [F(2.2, 54.6)GG = 
48.7; p < 0.001]; symptoms [F(2.2, 55.4)GG = 18.8; p < 0.001]; activities of daily living 
[ADL] [F(1.9, 48.3)GG = 52.2; p < 0.001]; sport and recreation [F(2.3, 58.5)GG = 12.2; p < 
0.001]; QoL [F(1.7, 43.1)GG = 30.3; p < 0.001]). Figure 4.1 illustrates KOOS subscale 
group means across the six-month peri-surgical monitoring period (~12 pre-surgery, 
3 weeks pre-surgery, 6 weeks post-surgery and 12 weeks post-surgery). As expected, 
group mean values of all KOOS subscales demonstrated significant improvement at 
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both post-operative assessment points. The relative ES (d)12 ranged from -1.2 to -
2.213 suggesting large effects across the observational period of the study (six-
months). The largest improvements (from ~12 weeks pre-surgery to 12 weeks post-
surgery) were observed for the sport and recreation subscale (216.9 %), followed by 
QoL (179.5 %), pain (111.4 %) and ADL (103.6 %). Relatively smaller gains were 
observed for the subscale indicating participant symptom burden (61.2 %) over the 
same period of time. Similarly, significant improvements were perceived six weeks 
post-surgery compared to the average responses at earlier assessment points: pain 
(F(1, 25) = 61.0; p < 0.001); symptoms (F(1, 25) = 13.8; p = 0.001); ADL (F(1, 25) = 55.9; p 
< 0.001); sport and recreation (F(1, 25) = 11.1; p = 0.003); QoL (F(1, 25) = 33.6; p < 0.001). 
The relative ES for these changes were large (d > -0.8) as were the percentage 
changes (> 75.6 %, for all KOOS subscales except the symptom subscale which was 
41.6 %).  
There was also some evidence for perceived improvements prior to surgery, a result 
that was not anticipated. From ~12 weeks pre-surgery to 3 weeks pre-surgery 
participants reported moderate positive changes in the pain subscale (group mean 
score [ SD] 35.2 ± 16.2 versus 42.4 ± 17.0, respectively) (F(1, 25) = 11.3; p = 0.002), 
illustrated by a relative ES of d = -0.4 and representing a 20.4 % improvement. A 
similarly significant improvement was found for the ADL subscale (39.3 ± 20.2 versus 
45.1 ± 20.4, respectively; percentage change, 14.7 % [d = -0.3]; [F(1 25) = 5.2; p = 
0.031]). No significant differences were observed for the subscales of symptoms (F(1, 
25) = 1.6; p = 0.218), sport and recreation (F(1, 25) = 0.4; p = 0.525) and QoL (F(1, 25) = 
2.8; p = 0.108).  
Significant statistical differences corresponding to Reverse Helmert orthogonal 
difference comparisons and a priori hypotheses at week 12 (pain [F(1, 25) = 50.0; p < 
0.001]; symptoms [F(1, 25) = 36.9; p < 0.001]; ADL [F(1, 25) = 64.5; p < 0.001]; sport and 
recreation [F(1, 25) = 17.3; p < 0.001] and QoL [F(1, 25) = 33.5; p < 0.001]) and week six 
appeared to contribute most to the significant overall ANOVA interaction. 
                                               
12 Please be aware that ES was always calculated relative to the baseline performance using 
equation 4.1. 




Figure 4.1 Knee injury and Osteoarthritis Outcome Score subscale group 
means across ~12 weeks pre-surgery, 3 weeks pre-surgery, 6 weeks post-
surgery and 12 weeks post-surgery. A score of 100 represents the highest 
possible score (no knee problems). Standard error bars have been omitted for 
clarity. ADL: Activity of Daily Living; QoL: Quality of Live.  
4.3.2 Oxford Knee Score 
In line with the KOOS results, ANOVA with repeated measures indicated significant 
factor of time differences for the OKS (F(2.2, 54.6)GG = 50.5; p < 0.001). Overall, a 
significant progressive functional improvement was observed (figure 4.2). Expected 
improvements in questionnaire responses at 12 weeks following surgery (35.7 ± 8.7) 
compared to the mean scores at earlier assessment points (23.3 ± 7.5) (F(1, 25) = 76.8; 
p < 0.001), and improved scores at 6 weeks following surgery (29.8 ± 8.4) compared 
to the average responses at earlier assessment points (20.1 ± 7.0) (F(1, 25) = 37.0; p < 
0.001), contributed most to the overall significant difference. Demonstrable 
improvements in post-operative functional status were indicated by a relative ES of d 
= -2.2 and an average 91.9 % increase in self-reported physical function at week 12, 
as well as a relative ES of d = -1.5 and an average 60.2 % improvement in outcome 
scores at week 6 compared to ~12 weeks before surgery.  
  
125 
Smaller, but nonetheless significant, outcome improvements were observed three 
weeks prior to surgery compared to baseline (21.5 ± 7.5 versus 18.6 ± 6.5) (F(1, 25) = 
10.4; p = 0.003) constituting a moderate relative ES of d = -0.4, and translating to a 
15.6 % change. 
             
Figure 4.2 Oxford Knee Score group means (± SD) across ~12 weeks pre-
surgery, 3 weeks pre-surgery, 6 weeks post-surgery and 12 weeks post-
surgery. A score of 48 represents the highest possible score (excellent joint 
function). 
4.3.3 The 36-Item Short Form Health Survey 
An ANOVA with repeated measures indicated that all SF-36 scales improved over 
time (physical functioning [PF] [F(3, 75) = 22.3; p < 0.001]; role physical [RP] [F(3, 75) = 
7.0; p < 0.001]; energy/vitality [VT] [F(3, 75) = 5.5; p = 0.002]; mental health [MH] [F(3, 75) 
= 4.1; p = 0.009]; social functioning [SF] [F(3, 75) = 4.8; p = 0.004]; bodily pain [BP] [F(2.3, 
57.4)GG = 14.0; p < 0.001]; general health [GH] [F(3, 75) = 5.2; p = 0.003]), except the role 
emotional [RE] scale (F(3, 75) = 2.2; p = 0.095).  
As with the KOOS and OKS questionnaires, significant post-operative gains in SF-36 
scores were also expected post-surgery. A priori hypothesis testing revealed that the 
improvement in questionnaire scores at 12 weeks after surgery compared to the 
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average responses at earlier assessment points made the greatest contribution to the 
overall significant difference in all SF-36 subscales (PF [F(1, 25) = 36.6; p < 0.001]; RP 
[F(1, 25) = 15.3; p < 0.001]; VT [F(1, 25) = 10.7; p = 0.003]; MH [F(1, 25) = 12.5; p = 0.002]; 
SF [F(1, 25) = 14.3; p = 0.001]; BP [F(1, 25) = 27.8; p < 0.001]; GH [F(1, 25) = 9.0; p = 0.006]), 
except the RE scale (F(1, 25) = 3.8; p = 0.061). The relative ES ranged from -0.4 to -1.6 
and percentage changes varied between 12.8 % and 183.6 %. 
Additionally, testing of a priori hypotheses demonstrated significant improvements in 
perceived PF six weeks following surgery (53.3 ± 23.7 versus 29.9 ± 21.5 [group mean 
score ~12 and 3 weeks pre-surgery]) (F(1, 25) = 20.0; p < 0.001) as well as the GH 
subscale (74.0 ± 15.8 versus 67.4 ± 15.4) (F(1, 25) = 6.9; p = 0.015). The relative ES 
indicated large gains (d = -1.1; percentage change, 84.4 %) for the PF subscale and 
moderate improvement in the GH subscale (d = -0.4; percentage change, 10.3 %).  
Role emotional was the only SF-35 subscale illustrating significant differences from 
the point at which participants were listed for surgery (~12 weeks pre-surgery) to three 
weeks prior to their operation (F(1, 25) = 4.8; p = 0.039). The relative ES for this subscale 
was moderate (d = -0.3), corresponding to a 22.7 % change. Figure 4.3 illustrates SF-
36 PF, RP, BP and GH subscale group means across ~12 weeks pre-surgery, 3 
weeks pre-surgery, 6 weeks post-surgery and 12 weeks post-surgery. These four 




Figure 4.3 The SF-36 physical function (PF), role physical (RF), bodily pain (BP) 
and general health (GH) scale group means across ~12 weeks pre-surgery, 3 
weeks pre-surgery, 6 weeks post-surgery and 12 weeks post-surgery. A score 
of 100 represents the highest possible score (no symptoms/perfect health). 
Standard error bars have been omitted for clarity. 
4.3.4 Performance Profile of self-perceived knee function 
In line with results for the KOOS, OKS and SF-36 questionnaires, ANOVA with 
repeated measures of the PP revealed that there was a significant difference in 
perceived knee function over time (F(3, 75) = 14.1; p < 0.001).  
Significant improvement in response at 12 weeks after surgery (6.8 ± 1.3) compared 
to the average responses at earlier assessment points (4.9 ± 1.8; percentage change, 
65.8 % [d = -1.6]; [F(1, 25) = 54.4; p < 0.001]), and the improvement in response at six 
weeks after surgery (5.6 ± 1.3) compared to the average responses at earlier 
assessment points (4.5 ± 2.1; percentage change, 36.7 % [d = -0.9]; [F(1, 25) = 54.4; p 
< 0.001]), contributed most to the overall significant difference. No significant 
difference for the PP was observed three weeks prior to surgery (4.9 ± 2.1 versus 4.1 
± 2.0 [~12 weeks pre-surgery]) (F(1, 25) = 2.1; p = 0.162). Figure 4.4 illustrates PP group 
means (± SD) across ~12 weeks pre-surgery, 3 weeks pre-surgery, 6 weeks post-




Figure 4.4 Performance Profile group means (± SD) across ~12 weeks pre-
surgery, 3 weeks pre-surgery, 6 weeks post-surgery and 12 weeks post-
surgery. A score of 10 represents the highest possible score (no discrepancy 
from perfect self-perceived function). 
4.3.5 International Physical Activity Questionnaire 
Results of the Friedman’s ANOVA indicated that there was a statistically significant 
difference in walking (2 (3) = 8.7; p = 0.033) and sitting (2 (3) = 13.4; p = 0.004), but 
not vigorous (2 (3) = 7.3; p = 0.064), moderate (2 (3) = 4.7; p = 0.192) or total 
physical activity (2 (3) = 4.2; p = 0.245) categories of the IPAQ. Figure 4.5 illustrates 
IPAQ derived group mean (± SD) energy expenditure values (metabolic equivalents 
per minute per week [MET-minwk-1]) for vigorous, moderate and walking, as well as 
sitting time across ~12 weeks pre-surgery, 3 weeks pre-surgery, 6 weeks post-
surgery and 12 weeks post-surgery. Group mean (± SD) are used for the graphical 
representation of the results and group median and interquartile range (IQR) for the 
description within the text. In general, participants energy expenditure values derived 
for walking increased from ~12 weeks pre-surgery (371.3 [1312.6] MET-minwk-1) to 
6 weeks (767.3 [2227.5] MET-minwk-1; percentage change, 106.7 % [r = -0.3]) and 
12 weeks post-surgery (1386.0 [1311.8] MET-minwk-1; percentage change, 273.3 % 
[r = -0.3]). Participants’ self-reported sitting time for the scrutinised week, remained 
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relatively constant over the six-month assessment period (265 [150] minwk-1 
[average response ~12 weeks and 3 weeks pre-surgery and 12 weeks post-surgery]). 
However, a 33.3 % (r = -0.3) increase in time spent seated was observed at week six 
post-surgery relative to the baseline evaluation. 
 
Figure 4.5 International Physical Activity Questionnaire derived group mean (± 
SD) energy expenditure values (metabolic equivalents per minute per week 
[MET-minwk-1]) for vigorous, moderate and walking as well as sitting time 
across ~12 weeks pre-surgery, 3 weeks pre-surgery, 6 weeks post-surgery and 
12 weeks post-surgery. Higher scores indicate greater activity.  
Tables containing more detailed information regarding group mean (± SD) or median 
(interquartile range [IQR]) scores of all included PROs at each measurement point 
are presented in appendices X a and X b. Additionally, relative ES and percentage 
changes are presented for the epochs of ~12 weeks to 3 weeks pre-surgery, as well 
as ~12 weeks pre-surgery to 6 and 12 weeks post-surgery. Analysis of Covariance 
(ANCOVA) was not used within this chapter, as anthropometric characteristics and 
orthopaedically relevant factors (e.g., participant’s age, gender, BMI, time to surgery, 
prosthesis type and anaesthetic) did not demonstrate any significant correlations with 





The aim of this study was to demonstrate time associated-changes in physical 
function from the time when an individual with severe knee OA is listed for knee 
replacement surgery (~12 weeks pre-surgery) to 12 weeks post-TKA using multiple 
self-reported assessment measures. The principal findings were that commonly 
employed PROs selected for this study demonstrate similar patterns of peri-surgical 
changes among people awaiting TKA. Interestingly the PP, which is used routinely for 
athletes, showed comparable results to established clinical questionnaires. The 
KOOS (all subscales), OKS, SF-36 (PF, RP, VT, MH, SF, BP and GH subscales), PP 
and IPAQ (walking and sitting) all demonstrated significant changes in functional 
status over the six-month assessment period. As anticipated, changes in 
questionnaire scores at week 6 and 12 post-surgery contributed most to the overall 
improvement in self-reported physical function. Additionally, findings indicated that the 
KOOS (pain and ADL subscale), OKS and SF-36 (RE subscale) were able to capture 
significant changes from ~12 weeks pre-surgery to 3 weeks pre-surgery. 
4.4.1 Post-surgical changes  
Overall, final scores for almost all PROs employed in the present study improved 
demonstrably over pre-surgical data (12.8 % - 273.3 % improvement) and similar 
levels of outcome responsiveness were observed. Notably, the OKS and KOOS ADL 
subscales exhibited the highest relative ES and were closely followed by the 
remaining subscales of the KOOS, the SF-36 PF and RF subscale, and PP (all scales 
d > 0.8). All other SF-36 subscales demonstrated moderate responsiveness (d > 0.5). 
Questionnaire responses at week six post-surgery generally indicated large perceived 
improvements. However, some subscales of the generic measurement SF-36 did not 
detect changes at this assessment point.  
Anticipated patterns of improvement in perceived physical function observed in the 
present study during the post-surgical period are in agreement with previously 
reported data (e.g., Bachmeier et al. 2001; Mizner et al. 2011; Stevens-Lapsley et al. 
2011; Hamilton et al. 2012; Vahtrik et al. 2012; Klit et al. 2014). However, Vahtrik et 
al. (2012) reported contrasting results regarding the sport and recreation subscale of 
the KOOS. The cited study did not find significant improvements at three and six-
months post-operative in women with knee OA undergoing TKA surgery. Similarly, 
the study by Stevens-Lapsley et al. (2011) reported that the mean value for the sport 
  
131 
and recreation subscale was almost unchanged four weeks following surgery 
compared to pre-surgery. Although, our data show comparable mean values for the 
sport and recreation subscale prior to surgery, participant scores six weeks after 
surgery were higher. The discrepancy in results may have been mediated in part by 
participants in the present study engaging in more demanding physical activities 
sooner following TKA. Notably, while SF-36 PF subscale scores at three weeks in this 
study are comparable to those reported previously (Sharma et al. 1996; Van Essen 
et al. 1998; Shields et al. 1999; Kiebzak et al. 2002; Beaupre et al. 2004) outcome 
scores at 12 weeks post-TKA indicate that our sample reported higher perceived 
function. Further, the OKS mean pre-surgery scores observed are similar to those 
reported for 30,616 people undergoing primary TKA (Browne et al. 2013). 
Interestingly, OKS scores in the current study at 12 weeks after surgery are very 
similar to those reported by Brown et al. (2013) at 12 months post-TKA. Moreover, 
Browne et al. (2013) highlighted that most improvements in the OKS occur in the first 
six months following TKA.  
Participants’ OKS and KOOS scores in the present study increased by week 12 post-
surgery, with scores for the latter remarkably similar to those for people with mild to 
moderate OA (Riecke et al. 2014). However, despite the evident improvement in 
functional status, average OKS and KOOS scores for our cohort were still below age-
matched healthy adults (Bremner-Smith et al. 2004; Paradowski et al. 2006; 
Williamson et al. 2016), particularly the sport and recreation subscale of the KOOS. 
Interestingly, average SF-36 subscale responses scored at the final assessment in 
the present study approached parity with healthy peers (Walters et al. 2001) with GH, 
VT, RE and MH domain scores actually higher than age-matched normative data. It 
is possible that the differential finding for these questionnaires, when compared to 
normative data for asymptomatic adults, is partly due to the KOOS and OKS being 
disease specific whereas the SF-36 is a generic health instrument. Physical activity 
(PA) values 12 weeks post-surgery demonstrated a greater level of general PA 
compared to healthy peers (2530.5 versus 2160.9 MET-minwk-1) (Tomioka et al. 
2011). Although promising, this result should be interpreted cautiously as the IPAQ 
has previously been shown to be susceptible to measurement exposure error due to 
misclassification of activity intensity and misreporting of activity duration (Ruetten et 
al. 2003; Rzewnicki et al. 2003; Hallal and Victora 2004; Tomioka et al. 2011).  
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Overall, the present sample of participants reported a high level of PA and greatly 
improved physical function 12 weeks after knee replacement surgery. However, the 
degree to which TKA recipients may be assessed to have returned to a ‘normal’ level 
of function appears to be differentially influenced by the questionnaire employed. 
Scores derived via the SF-36 at week 12 post-operative indicate a return to ‘normal’, 
while the condition specific OKS and KOOS clearly indicate there is room for further 
improvement if a level of functional status similar to that of asymptomatic peers is to 
be achieved.  
4.4.2 Pre-surgical changes  
Participants awaiting surgery in the present study demonstrated significant 
improvements in KOOS reported pain (d = -0.4) and the SF-36 RE (d = -0.3) while 
awaiting surgery. In addition, pre-surgical improvements were observed in some 
aspects of self-reported physical function such as the KOOS ADL subscale (d = -0.3) 
and the OKS (d = -0.4). These results appear to contrast with the general literature 
(Chapter 2 ‘Systematic Review’ – section 2.1), which consistently shows that a 
significant deterioration in self-report measures, such as the WOMAC function scale, 
occurs with a wait period of less than six months (5.5; 95 % CI 2.9, 8.1, three months, 
4.8; 95 % CI 2.6, 7.1, six months [McHugh et al. 2008b]; -4.1; 95 % CI -7.7, -0.55, 
three to six months, and the SF-36 PF scale [-4.4; 95 % CI -7.6, -1.1] [Desmeules et 
al. 2010]). In addition, a small, but significant deterioration (ES = -0.2) during a waiting 
period of approximately three months indicated by participants’ total WOMAC score 
was reported by one study (Kapstad et al. 2007). Conversely, an earlier study by Kelly 
et al. (2001) did not find that prolonged waiting time had an adverse effect on self-
reported pain and dysfunction.  
The improvement in certain self-report outcomes observed may be partly due to 
participants having generally better health status at ~12 weeks pre-surgery compared 
to baseline data reported by Kelly et al. (2001), Desmeules et al. (2010) and McHugh 
et al. (2008b). An additional possibility could be that a participants’ perception of their 
health was positively influenced (when measured at admission for surgery) upon 
receiving confirmation of the decision to operate. The work of Nilsdotter and 
Lohmander (2002) suggests that an assurance of treatment despite severe symptoms 
can ameliorate an individual’s perception of their symptoms.  
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Participant scores for the KOOS subscales and OKS at ~12 weeks pre-surgery in the 
present study were just one third of values reported for asymptomatic adults of 
equivalent age (Bremner-Smith et al. 2004; Paradowski et al. 2006; Williamson et al. 
2016), indicating a large disparity in functional status. Similarly, SF-36 scores for our 
sample showed a pattern of consistently low values at ~12 weeks pre-surgery 
(Walters et al. 2001). The IPAQ total METs values illustrated a slightly reduced PA 
level for participants at ~12 weeks pre-surgery compared to apparently healthy older 
adults aged 64 to 74 years (Tomioka et al. 2011). The difference in self-reported 
activity levels was more pronounced at three weeks pre-surgery. 
An additional finding of this study is that the novel application of the PP to a TKA 
population demonstrated similar patterns of post-operative functional improvements 
to commonly used orthopaedic PROs. The initial construct of an individualised PP 
does require increased time to complete compared to standardised questionnaires. 
However, the PP represents a unique way of capturing an individual’s perception of 
aspects of physical function in need of improvement specific to them, and rates their 
importance. These data indicate that the PP shows significant change following TKA, 
a finding in line with previous studies, which also suggest that instrument sensitivity 
to change may be limited when small variations are expected, such as during the pre-
surgical period (Doyle and Parfitt 1996; Gleeson et al. 2005).  
4.4.3 Study limitations 
The strength of this study is the evaluation of self-reported physical function over four 
assessment points, which provides a comprehensive description of peri-surgical 
functional status of people awaiting knee arthroplasty. This chapter also adds detailed 
information regarding the ability of commonly used orthopaedic relevant assessment 
tools to indicate similar changes in functional status before and after TKA.  
Several factors must be considered with respect to the conclusions that can be drawn 
from this study. Although study findings prior to TKA are comparable to published 
literature, participants were recruited at a specialist orthopaedic NHS hospital, which 
may reduce generalisability of the results. Blinded assessment of participants was not 
feasible due to funding and resource limitations of an educational project. 
Consequently, it is possible that some outcomes may have been influenced by 
observer bias thereby affecting outcome instrument responsiveness. An additional 
potential limitation is the method of PA assessment, which was undertaken using a 
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self-report instrument. Although questionnaires are more susceptible to measurement 
exposure error (Arroll and Beaglehole 1991; Sallis and Selens 2000; Prince et al. 
2008), the use of gold or silver standard methods such as doubly labelled water and 
accelerometers to objectively estimate habitual activity was not feasible due to time 
and resource-constraints. In addition, the aim of the IPAQ was to provide a broad 
indication of the level of general PA for participants around the time of surgery with 
minimal additional participant burden.  
4.4.4 Clinical implications and further research 
Patient-generated data represents an integral part of the acquisition of a person’s 
health status. In terms of responsiveness the questionnaires selected for this study 
demonstrated a similar pattern of change in functional status over time. However, the 
KOOS and OKS were the only instruments that were able to detect alterations in self-
reported physical function at all four measurement points during the monitoring period. 
Greater responsiveness (relative ES) of the KOOS and OKS over the other 
instruments selected for this study, as well as their ability to show persisting disparities 
in functional status (with asymptomatic peers), recommends their preferred use. 
Importantly, lack of uniformity of outcome measures potentially hinders future 
comparison and synthesis of studies. Pooling of results from disparate datasets is a 
complex challenge faced by investigators attempting to perform meta-analysis 
reviews to inform and guide healthcare. Standardised assessment of functional status 
by adopting either the KOOS or OKS would assist future researchers seeking to use 
the statistical leverage of big data to answer important research questions. 
This study focused on the assessment of self-reported physical function from the time 
of the participant’s orthopaedic consultation (i.e., ~12 weeks pre-surgery) to 12 weeks 
post-surgery. Further studies are required to evaluate patients functional status 
across a wider range of time prior to operation, for example from when people consult 
their general practitioner for an orthopaedic referral to the time to surgery. Additionally, 
longer-term changes in physical function (up to one year) following TKA were not 
captured in this study. Accordingly, a longer post-operative programme of monitoring 
physical function up to, and even over one year, may help delineate the extent to 
which post-operative improvements continue.  
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This is the first study to explore the novel application of the PP as an indicator of 
functional status in a TKA population. Provided that the PP has demonstrated 
sensitivity to change in this group of people, future research should further explore 
the clinical utility of this ‘person-focused’ outcome.  
4.5. Conclusion  
Patient-reported outcomes such as the KOOS, OKS, SF-36, PP and IPAQ 
demonstrate significant changes in peri-surgical functional status of people 
undergoing knee joint replacement surgery. Changes in physical function at weeks 6 
and 12 post-surgery contribute most to the overall improvements observed. In light of 
their superior responsiveness, knee joint-specific assessment instruments (the KOOS 
and OKS) are recommended as the preferred outcomes for the evaluation of physical 
function prior to and following TKA. The individualised PP demonstrated comparable 
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Chapter 5: Change in objective functional, neuromuscular and 
sensorimotor performance 
5.1 Introduction  
Patient-reported outcomes (PROs) and objective measures of physical function are 
frequently used to evaluate the effectiveness of an intervention or identify changes 
over time. The last decade has observed a growing emphasis on patient-centred care 
and evaluation (Slater 2006; Baker et al. 2007; Jenny and Diesinger 2012; Debette et 
al. 2014; Cholewinski et al. 2015). In particular, PROs have been reported to enhance 
the communication between patients and clinicians and ultimately, support the shared 
decision-making process in the health system (Rothwell et al. 1997; NICE 2016). 
Patient-reported instruments are often preferred because they are cost effective 
(Mizner et al. 2011; Giesinger et al. 2014), expedient to administer and complete, 
exhibit high compliance as no additional clinic visit is required (Mizner et al. 2011), 
carry low participant burden (Collins et al. 2011), and demonstrate high internal 
consistency (Steultjens et al. 2001). Additionally, it is believed that PROs are less 
likely to be influenced by observer bias (Lingard et al. 2000).  
The benefits of PRO use are readily apparent and self-reported measures are 
generally recommended in preference to objective physical function outcomes, which 
are seen as optional for patients living with osteoarthritis (OA) (Bellamy and Boers 
1997). However, there is an increasing body of evidence, which suggests that PROs 
fail to capture actual changes in physical function following TKA (Quellet and Moffet 
2002; Stratford et al. 2004; Stratford et al. 2006; Jacobs and Christensen 2009). In 
particular, people suffering from severe knee OA and awaiting replacement surgery 
have difficulty distinguishing pain from the capability of performing functional tasks 
(Mizner et al. 2011). An individual’s pain level can have a considerable influence on 
how he or she scores the self-reported instrument assessing functional capability 
(Stratford et al. 2004; Maly et al. 2006; Stratford and Kennedy 2006; Stratford et al. 
2006; Terwee et al. 2006), and thus mask real functional changes (Terwee et al. 
2006). Consequently, improvements in self-report outcomes can often correlate 
strongly with improvements in pain (Koenig et al. 2000; Stratford and Kennedy 2006; 
Stratford et al. 2006). A further limitation of PROs is that they may be restricted by the 
ceiling effect, which imposes a greater challenge on these self-report instruments to 
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accurately evaluate patient specific functional abilities (Greenhalgh and Meadows 
1999).  
Objective outcomes have the ability to quantify a person’s physical capabilities 
(Boonstra et al. 2008) and may be less affected by psychological factors, including 
expectations and beliefs (Watson and Pennebaker 1989), cognitive limitations 
(Hoeymans et al. 1997), and cultural background, language and educational level 
(Elam et al. 1991; Sager et al. 1992). Moreover, objective measures may provide an 
advantage in identifying impairments in physical function at an earlier stage than might 
have been pinpointed via PROs (Fried et al. 1991; Fried et al. 2000). Terwee et al. 
(2006) reported that performance-based measurements are capable of identifying 
what people actually ‘can do’, whereas PROs are more of an indication of what 
someone ‘thinks’ he or she can do.  
Although people undergoing TKA experience a reduction in pain symptoms, as well 
as improvements in perceived function, and health-related quality of life (HRQoL) 
following excellent surgery (Ethgen et al. 2004; March and Bagga 2004; Brander and 
Stulberg 2006), they often have persistent clinical impairments in the form of altered 
neuromuscular performance (De Andrade et al. 1965; Hopkins and Ingersoll 2000). 
Several studies have examined the mechanisms of impaired muscle strength and 
functional loss following TKA surgery (e.g., Reilly et al. 1998; Stevens et al. 2003; 
Mizner et al. 2005b; Berth et al. 2007; Maffiuletti et al. 2010; Petterson et al. 2011; 
Vahtrik et al. 2012). There are competing theories as to why full functional recovery 
is not achieved, however the aetiology of neuromuscular dysfunction is still 
speculative. 
As pre-operative physical function has been identified as the strongest determinant of 
post-operative pain and functioning (Fortin et al. 2002; Jones et al. 2003; Lingard, et 
al. 2004; Mizner et al. 2005c; Desmeules et al. 2013) research has focused on 
identifying whether prolonged waiting time for TKA is associated with deterioration in 
pre-operative functional status. To date there are only two studies exploring the link 
between waiting time and objective measures of physical function. However, both 
articles indicated that there were no significant changes over time in muscle strength 
and functional abilities evaluated using objective clinical measures, such as the 
Functional Assessment System (FAS) (Vuorenmaa et al. 2008) and American Knee 
Society score (Pace et al. 2005). Nevertheless, these findings should be viewed with 
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caution, as although most psychometric properties for the FAS have been established 
(Öberg et al. 1994; 1997), instrument responsiveness has not yet been evaluated. 
Consequently, it is possible that the FAS may not have been sensitive enough to 
detect changes over time.  
In contrast to the results of Pace et al. (2005) and Vuorenmaa et al. (2008), the case 
study by Struessel et al. (2013) highlights a precipitous decline in muscle strength 
(indicated by greater duration of physical performance tests: 46.7 % in quadriceps 
and 26.1 % in hamstring strength) and functional tasks (79.3 % timed up and go test, 
30.7 % stair climbing test, 133 % in the timed 100 foot walk test) following an 
unexpected surgical waiting period of six months. Notably, the authors observed the 
greatest proportion of physical decline occurred in the last three months prior to 
surgery. A priori, based on relatively weak evidence from the literature (Struessel et 
al. 2013), is tentatively hypothesised that the selected objective outcomes will 
demonstrate a decline in physical function of the operated leg prior to surgery (~12 
weeks pre-surgery to 3 weeks pre-surgery) and initially post-surgery (6 weeks post-
surgery) and show improved outcomes at week 12 post-surgery relative to ~12 weeks 
prior to surgery. 
5.1.1 Summary 
Although PROs are viewed as an essential part of the healthcare system, there is a 
growing body of evidence highlighting the limitations of patient-reported instruments 
in capturing actual change in physical function following TKA. Total knee replacement 
surgery is acknowledged as an effective management option to reduce pain 
symptoms, improve perceived function and HRQoL in people with severe knee OA. 
Nevertheless, considerable impairment of physical function and aberrant 
neuromuscular alterations often persist following surgery intervention and the reason 
for this is unclear. Accordingly, there is a need to examine objectively peri-surgical 
performance capabilities and neurophysiological changes of this clinical population to 
optimise the constituents and dosages for effective exercise conditioning 
interventions. The aim of this study was to perform a single-leg contra-lateral control 
limb model to investigate peri-TKA surgery and conditioning-related changes (~12 
weeks pre-surgery to 12 weeks post-surgery) in objective measures of physical 





5.2.1 Study design and ethical approval  
This controlled longitudinal cohort study received ethical approval from the North East 
– Tyne & Wear South Ethics Committee, research and development department at 
the Robert Jones and Agnes Hunt Orthopaedic Hospital NHS Foundation Trust (RJAH 
NHS Trust), Oswestry, and Queen Margaret University, Edinburgh. Additionally, the 
study protocol was registered with the Clinical Trials.gov Protocol Registration and 
Results System. Participants were recruited at the RJAH NHS Trust. 
5.2.2 Participants 
As this study was performed with the same cohort of people recruited for the study 
analysed in Chapter 4 of this thesis, the reader is referred to table 3.1 in Chapter 3 
‘General Methods’ for a full presentation of participant characteristics. Briefly, 36 
people diagnosed with severe knee OA and awaiting primary knee arthroplasty 
surgery provided written informed consent prior to study commencement. Of this initial 
participant group, 26 people (female: n = 13; age: 66.8 ± 1.4 years [mean ± standard 
deviation (SD)]; body mass index [BMI]: 30.1 kg·m-2 [range 21.2 - 42.7 kg·m-2]; waiting 
time: 84.7 ± 36.9 days) completed this study. 
5.2.3 Assessment procedure 
The upcoming paragraph outlines the methods and assessment procedures 
employed. The reader is referred to Chapter 3 ‘General Methods’ – section 3.7.2 for 
more detailed information.  
The study was designed to focus on four repeated-measures assessments of people 
electing TKA surgery, across a period of approximately six-months (168 days), from 
the time participants were listed for surgery (typically, ~12 weeks prior to surgery) to 
12 weeks after their operation. The periodisation of assessments was selected to 
reflect important logistical and clinical epochs in the patients’ pathway of surgical and 
rehabilitative care. The evaluations quantified and described objective measures of 
physical function and neuromuscular and sensorimotor performance prior to and 
around the time of surgery.  
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The four testing occasions occured at the following time points: (i) ~12 weeks pre-
surgery14; (ii) 3 weeks pre-surgery; (iii) 6 weeks post-surgery and (iv) 12 weeks post-
surgery. The first assessment worked as familiarisation, as well as a baseline 
measurement point, and was therefore, longer duration compared to the remaining 
assessment sessions. Each assessment included indices of physical and 
physiological performance containing: postural stability (anterior/posterior [AP] and 
medial/lateral [ML] displacement of centre of pressure [COP], COP velocity); 
neuromuscular performance (volitional peak force [PFV]; superimposition; rate of force 
development [RFD]; rate of force relaxation [RFR]; electromechanical delay activation 
[A-EMD] and electromechanical delay relaxation [R-EMD]) and sensorimotor 
performance (force error [FE]). Range of movement (ROM) (flexion and extension) 
and knee and thigh circumference were also recorded. Indices of neuromuscular and 
sensorimotor performance of the knee extensor muscles in both the knee scheduled 
for TKA surgery and the contra-lateral control limb were assessed. 
Each assessment session began with the evaluation of the participant’s knee and 
thigh circumference and ROM, followed by an assessment of postural stability using 
a force measurement device. Lastly, neuromuscular- and sensorimotor performance 
was evaluated via electromyography (EMG) and dynamometer instruments. Both legs 
were examined and the testing order of each leg was performed in a random 
sequence based on a computer-generated list of numbers prior to each assessment. 
The reader is referred to Chapter 3 ‘General Methods’ – section 3.7.2 for detailed 
information on testing procedures and recording of physical performance.  
5.2.4 Data analyses  
A specific report on the data analysis process is included in Chapter 3 ‘General 
Methods’ – section 3.7.2, to where the reader is referred should further details be 
required. Briefly, PFV was defined as the highest force in each trial. Superimposition 
was used to calculate central activation ratio (CAR) using equation 5.1, and a 
percentage value was derived. Rate of force development was calculated as the 
average rate of force increase between 25 % and 75 % of PFV. Rate of force relaxation 
was recorded as the average rate of force decrease between 75 % and 25 % of the 
                                               




PFV. The time delay between the onset of EMG and the onset of force 
(electromechanical delay [EMD]) was computed as A-EMD during the voluntary 
muscle activation. The EMD between the quiescent EMG and the loss of force was 
computed as R-EMD during the voluntary muscle relaxation. Sensorimotor 
performance was defined as assessment of the error in matching a ‘blind’ target force. 
For the evaluation of sensorimotor performance, each testing occasion included two 
familiarisation trials, whereby each participant was habituated to 50 % of his/her daily 
peak force (blinded). In addition to the objective evaluation of FE, participants were 
asked to rate whether he/she perceived that the target performance was reached. 
People ranked their performance either as: ‘lower’, ‘matched’ or ‘higher’. The mean 
response of three trials was used for the statistical analysis of the aforementioned 
indices of neuromuscular and sensorimotor performance as well as the evaluation of 
postural stability. Full active knee ROM and knee circumference were measured once 
during each assessment occasion.  
Equation 5.1 Central activation ratio (%). 
𝑪𝑨𝑹 =  (
𝑷𝑭𝒗
𝑷𝑭𝒗 + 𝒔𝒖𝒑𝒆𝒓𝒊𝒎𝒑𝒐𝒔𝒆𝒅 𝒇𝒐𝒓𝒄𝒆
) ∗ 𝟏𝟎𝟎 
PFv = volitional peak force 
(Kent-Braun and Le Blanc 1996) 
5.2.5 Statistical analyses 
Data were entered and analysed using IBM Statistical Package for the Social Science 
(SPSS) version 21 (SPSS Inc., Chicago, IL, USA). Results are presented as mean ± 
SD or mean and 95 % confidence interval depending on the underlying distribution. 
Data normality was evaluated using the Shapiro-Wilk test and if data were found to 
be non-normally distributed a transformation was performed (Bland and Altman 
1996). Following analysis, a back transformation of the transformed data was carried 
out (Bland and Altman 1996).  
For the evaluation of changes over time, a two-way separate factorial analysis of 
variances (ANOVAs) (leg: operated; control leg) with repeated measures (time: ~12 
weeks pre-surgery, 3 weeks pre-surgery, 6 weeks post-surgery and 12 weeks post-
surgery) for each outcome measurement of function and neuromuscular and 
sensorimotor performance were used. The assumptions underpinning the use of 
  
143 
ANOVA with repeated measures were checked, and violations were corrected using 
the Greenhouse-Geisser adjustment of the degrees of freedom associated with the 
critical F-value, as indicated by GG. Additionally, reverse Helmert orthogonal a priori 
differences were employed. The alpha level were set at p < 0.05. Friedman’s ANOVA 
was used to analyse data pertaining to the subjective evaluation of FE, given its 
categorical and non-parametric characteristics. 
Relative ES was evaluated for each leg (operated, control leg) using the formula for 
Cohen’s d (equation 5.2). Thresholds for small, medium and large ES were defined 
as 0.2, 0.5 and 0.8, respectively. Additionally, absolute percentage changes relative 
to the control leg’s baseline performance (~12 weeks pre-surgery) were calculated.  
Equation 5.2 Cohen’s d parametric ES calculation. 




Where M1 = Baseline mean and M2 = Mean of the follow-up assessment at 3 weeks 
pre-surgery, 6 or 12 weeks post-surgery.  
(Cohen 1988) 
5.3 Results  
5.3.1 Changes in physical performance measurements 
5.3.1.1 Postural stability 
Analysis of variance with repeated measures demonstrated no significant leg 
(operated/control leg) by test occasion (~12 weeks pre-surgery, 3 weeks pre-surgery, 
6 weeks post-surgery and 12 weeks post-surgery) interaction for the following indices 
of postural stability: group mean COP velocity (F(1.9, 48.3)GG = 2.7; p = 0.080), AP (F(2.4, 
59.3)GG = 1.2; p = 0.301) and ML (F(2.2, 54.7)GG = 0.4; p = 0.674), indicating similar patterns 
of change in participants’ postural stability (operated and control leg) over the six-
month assessment period. No significant main effects were observed, which was not 
anticipated. Figures 5.1 and 5.2 illustrate group mean scores (± SD) for COP velocity, 
AP and ML across ~12 weeks pre-surgery, 3 weeks pre-surgery, 6 weeks post-




Figure 5.1 Centre of pressure velocity (cm/s) group means (± SD) of the 
operated and control legs across ~12 weeks pre-surgery, 3 weeks pre-surgery, 





Figure 5.2 Anterior/posterior (left) and ML (right) (cm) group means (± SD) of the operated and control legs across ~12 weeks 





5.3.2 Changes in physiological measurements 
5.3.2.1 Indices of neuromuscular performance 
5.3.2.1.1 Volitional peak force  
Analysis of variance with repeated measures demonstrated significant leg by test 
occasion interaction for PFV, of the knee extensor musculature (F(2.3, 57.1)GG = 9.1; p < 
0.001), indicating that the pattern of change in peak force over time was different for 
the operated compared to the control leg. As expected, knee extensor strength of the 
control leg remained relatively constant over the assessment period (226.8 ± 116.8 
Newton [N] [average group mean over the six-month evaluation period]). Performance 
capability of the leg undergoing surgery decreased significantly from the pre-surgical 
period to the assessment six weeks after surgery (214.6 ± 99.0 N [group mean score 
of ~12 weeks and 3 weeks pre-surgery] versus 151.7 ± 64.5 N, respectively; 
percentage change, -48.6 %15 [d = 0.716]). When the knee extensors strength 
capability prior to surgery was considered in isolation, there was some evidence of a 
decline in the performance of the control leg (295 ± 127.5 N [~12 weeks pre-surgery] 
versus 265.0 ± 101.1 N [3 weeks pre-surgery], respectively; percentage change, -10.3 
% [d = 0.3]). Strength of the leg undergoing surgery demonstrated no deterioration 
during this period. Significant statistical interactions corresponding to Reverse 
Helmert orthogonal difference comparisons and a priori hypotheses, at week six post-
surgery F(1, 25) = 17.7; p < 0.001) and week three pre-surgery (F(1, 25) = 7.2; p = 0.013), 
appeared to contribute most to the significant overall ANOVA interaction. Figure 5.3 
illustrates group mean scores (± SD) for PFV across ~12 weeks pre-surgery, 3 weeks 
pre-surgery, 6 post-surgery and 12 weeks post-surgery.  
                                               
15 Please be aware that percentage changes were always calculated relative to the control 
leg’s baseline performance (~12 weeks pre-surgery).  





Figure 5.3 Volitional peak force (N) group means (± SD) of the operated and 
control legs across ~12 weeks pre-surgery, 3 weeks pre-surgery, 6 weeks post-
surgery and 12 weeks post-surgery.  
5.3.2.1.2 Superimposition (central activation ratio) 
Results of the repeated measures ANOVA indicated no significant leg by test 
occasion interaction for CAR (F(2.3, 56.4)GG = 1.3; p = 0.290), indicating a similar pattern 
of CAR changes over time. Modest, but significant differences between the operated 
and control leg were demonstrated across the six-month evaluation period (93.6 ± 6.3 
% versus 95.2 ± 4.0 %, respectively) (F(1, 25) = 5.5; p = 0.027). Figure 5.4 illustrates 
group mean scores (± SD) for CAR across ~12 weeks pre-surgery, 3 weeks pre-




Figure 5.4 Central activation ratio (%) group means (± SD) of the operated and 
control legs across ~12 weeks pre-surgery, 3 weeks pre-surgery, 6 weeks post-
surgery and 12 weeks post-surgery. 
5.3.2.1.3 Rate of force development  
Significant two-factor (leg; test occasion) interactions were observed for the RFD of 
the knee extensor musculature (F(3, 75) = 8.7; p < 0.001). As may have been expected, 
the control leg demonstrated superior performance compared to the surgery leg 
across the monitoring period. Both legs indicated a significant reduction in RFD 
performance capability three weeks prior to surgery (1013.0 ± 1140.3 Newton per 
second [N·s-1] versus 859.5 ± 750.8 N·s-1 and 1573.8 ± 1658.2 N·s-1 versus 1141.2 
± 995.2 N·s-1, respectively). However, the leg undergoing surgery revealed a further 
significant loss of performance at week six following surgery (936.2 ± 945.6 N·s-1 
[group mean score ~12 and 3 weeks pre-surgery] versus 568.2 ± 805.8 N·s-1). This 
loss in performance constituted a 63.9 % (d = 0.5) reduction compared to the control 
leg when listed for surgery (~12 weeks pre-surgery). As anticipated, the group mean 
score for RFD of the operated leg was significantly improved at 12 weeks post-surgery 
compared to the average responses at earlier assessment (949.7 ± 926.7 N·s-1 versus 
813.5 ± 899.0 N·s-1, respectively). However, performance capability of the operated 
leg was still lower compared to the control leg values at ~12 weeks pre-surgery (-39.7 
%; d = 0.1). The control leg demonstrated a significant reduction at 12 weeks post-
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surgery in comparison to the mean responses at earlier assessment points (1102.9 ± 
1195.2 N·s-1 versus 1368.0 ± 1295.1 N·s-1; -29.9 % [d = 0.3]). Significant statistical 
interactions corresponding to Reverse Helmert orthogonal difference comparisons 
and a priori hypotheses, at week six post-surgery F(1, 25) = 11.8; p = 0.002) and week 
12 post-surgery (F(1, 25) = 14.2; p = 0.001), appeared to contribute most to the 
significant overall ANOVA interaction. Figure 5.5 illustrates RFD group means across 
~12 weeks pre-surgery, 3 weeks pre-surgery, 6 weeks post-surgery and 12 weeks 
post-surgery (geometric means [95 % confidence interval] are used for the graphical 
representation of the results and arithmetic means [± SD] for the description within 
the text). 
 
Figure 5.5 Rate of force development (N·s-1) group means (95 % confidence 
interval) of the operated and control legs across ~12 weeks pre-surgery, 3 
weeks pre-surgery, 6 weeks post-surgery and 12 weeks post-surgery. 
5.3.2.1.4 Rate of force relaxation  
Rate of force relaxation performance capability of the knee extensor musculature 
exhibited a significant leg by test interaction (F(3, 75) = 3.2; p = 0.029), suggesting a 
differential pattern of change in RFR of the operated and control leg over time. While 
RFR of the control leg consistently improved from ~12 weeks pre-surgery to 6 weeks 
post-surgery (844.5 ± 937.4 N·s-1 versus 1069.3 ± 986.8 N·s-1; 26.6 % [d = -0.2]), 
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results revealed that the operated leg experienced a significant reduction in 
performance by week six following surgery (572.4 ± 421.0 N·s-1 [group mean ~12 and 
3 weeks pre-surgery] versus 437.3 ± 379.7 N·s-1). Additionally, at this time point the 
operated leg experienced a 48.2 % reduction (d = -0.1) compared to the control leg 
performance capability at ~12 weeks pre-surgery. However, both the operated and 
control leg indicated a similar level of RFR performance capability at 12 weeks post-
surgery (805.5 ± 798.1 N·s-1 versus 999.6 ± 1031.9 N·s-1, respectively). Significant 
statistical interactions corresponding to Reverse Helmert orthogonal difference 
comparisons and a priori hypotheses, at week six post-surgery (F(1, 25) = 5.9; p = 
0.022), appeared to contribute most to the significant overall ANOVA interaction. 
Figure 5.6 illustrates RFR group means across ~12 weeks pre-surgery, 3 weeks pre-
surgery, 6 weeks post-surgery and 12 weeks post-surgery (geometric means [95 % 
confidence interval] are used for the graphical representation of the results and 
arithmetic means [± SD] for the description within the text). 
 
Figure 5.6 Rate of force relaxation (Ns-1) group means (95 % confidence 
interval) of the operated and control legs across ~12 weeks pre-surgery, 3 




5.3.2.1.5 Electromechanical delay activation 
Factorial analysis of variance with repeated measures demonstrated a significant leg 
by test occasion interaction for A-EMD obtained from the vastus medialis (F(1.8, 44.0)GG 
= 3.6; p = 0.040). As anticipated, knee extensor A-EMD performance capability of the 
control leg remained relatively constant over the assessment period (58.0 ± 72.6 ms 
[average group mean over the six-month evaluation period]), while A-EMD of the 
operated leg increased significantly from the pre-surgical period to six weeks following 
surgery (48.1 ± 18.3 ms [group mean responses ~12 weeks and 3 weeks pre-surgery] 
versus 74.1 ± 40.0 ms, respectively; percentage change, 11.3 % [d = -0.7]). Significant 
statistical interactions corresponding to Reverse Helmert orthogonal difference 
comparisons and a priori hypotheses, at week six post-surgery (F(1, 25) = 9.6; p = 
0.005), appeared to contribute most to the significant overall ANOVA interaction of A-
EMD. 
No significant two-factor (leg by test occasion) interactions were elicited from the 
vastus lateralis (F(3, 75) = 0.8; p = 0.515), indicating a similar pattern of A-EMD changes 
over time. Group mean responses were 54.7 ± 43.7 ms (~12 weeks pre-surgery), 50.7 
± 44.1 ms (3 weeks pre-surgery), 63.5 ± 56.7 ms (6 weeks post-surgery) and 62.6 ± 
43.9 ms (12 weeks post-surgery).  
Figures 5.7 and 5.8 illustrate A-EMD vastus medialis and vastus lateralis group means 
across ~12 weeks pre-surgery, 3 weeks pre-surgery, 6 weeks post-surgery and 12 
weeks post-surgery, respectively (geometric means [95 % confidence interval] are 
used for the graphical representation of the results and arithmetic means [± SD] for 




Figure 5.7 Electromechanical delay activation (ms) group 
means (95 % confidence interval) of the vastus medialis of the 
operated and control legs across ~12 weeks pre-surgery, 3 
weeks pre-surgery, 6 weeks post-surgery and 12 weeks post-
surgery. 
Figure 5.8 Electromechanical activation delay (ms) group 
means (95 % confidence interval) of the vastus lateralis of the 
operated and control legs across ~12 weeks pre-surgery, 3 




5.3.2.1.6 Electromechanical delay relaxation 
Electromechanical delay relaxation performance capability obtained from the vastus 
medialis exhibited significant leg by test occasion interaction (F(3, 75) = 2.8; p = 0.043). 
Group mean values for R-EMD of both the operated and control legs significantly 
increased prior to surgery (201.4 ± 65.1 ms versus 314.3 ± 172.4 ms and 237.5 ± 
171.2 ms versus 337.4 ± 406.5 ms, respectively) and demonstrated a subsequent 
decline by weeks 6 (296.4 ± 206.6 ms and 217.7 ± 180.6 ms, respectively) and 12 
post-surgery (273.9 ± 225.0 ms and 148.0 ± 127.5 ms, respectively). Compared to 
the control leg, the operated leg demonstrated an increase of 32.3 % at week 3 prior 
to surgery, 24.8 % at week 6 post-surgery and 15.3 % at week 12 post-surgery. 
In contrast, no significant (leg by test occasion) interaction was elicited from the vastus 
lateralis (F(3, 75) = 2.1; p = 0.107) indicating a similar pattern of change over the six-
month assessment period. However, significant main effects were observed (leg: F(1, 
25) = 5.9; p = 0.023; time: F(3, 75) = 13.5; p < 0.001). Similar to the results obtained for 
the R-EMD of the vastus medialis, the control leg demonstrated superior performance 
compared to the operated leg across the period of monitoring. In addition, a similar 
pattern of change was observed, group mean values of both the operated and control 
legs increased significantly prior to surgery (209.2 ± 95.7 ms versus 329.7 ± 178.6 ms 
and 274.0 ± 247.9 ms versus 326.5 ± 388.3 ms, respectively) and decreased 
significantly by week 6 (275.3 ± 213.2 ms and 185.7 ± 158.6 ms, respectively) and 12 
post-surgery (242.5 ± 205.7 ms and 147.2 ± 126.0 ms, respectively).  
Significant statistical interactions corresponding to Reverse Helmert orthogonal 
difference comparisons and a priori hypotheses, at week 12 post-surgery (F(1, 25) = 4.8; 
p = 0.037), appeared to contribute most to the significant overall ANOVA interaction 
of R-EMD for the vastus medialis. Figures 5.9 and 5.10 illustrate R-EMD vastus 
medialis and vastus lateralis (geometric means are used for the graphical 
representation of the results and group mean [± SD] for the description within the text) 
across ~12 weeks pre-surgery, 3 weeks pre-surgery, 6 weeks post-surgery and 12 





Figure 5.9 Electromechanical delay relaxation (ms) group 
means (95 % confidence interval) of the vastus medialis of the 
operated and control legs across ~12 weeks pre-surgery, 3 
weeks pre-surgery, 6 weeks post-surgery and 12 weeks post-
surgery. 
Figure 5.10 Electromechanical delay relaxation (ms) group 
means (95 % confidence interval) of the vastus lateralis of the 
operated and control legs across ~12 weeks pre-surgery, 3 





5.3.2.2 Indices of sensorimotor performance (force error) 
Factorial analysis of variance with repeated measures demonstrated no significant 
leg by test occasion interaction for FE obtained from the knee extensor musculature 
(F(3, 75) = 0.6; p = 0.631). These data indicate that FE values of participants’ operated 
and control legs showed similar patterns of change over the six-month assessment 
period (average group mean 11.7 ± 9.9 %). Figure 5.11 illustrates group means (± 
SD) across ~12 weeks pre-surgery, 3 weeks pre-surgery, 6 weeks post-surgery and 
12 weeks post-surgery. 
 
Figure 5.11 Sensorimotor performance evaluated as a percentage of force error 
(%) (group means [± SD]) of the knee extensors of both the operated and control 
legs across ~12 weeks pre-surgery, 3 weeks pre-surgery, 6 weeks post-surgery 
and 12 weeks post-surgery. 
Analysis for the subjective evaluation of sensorimotor performance indicated no 
significant changes over time (p > 0.05). Even though participants perceived that the 
target force was met at all measurement points, results were characterised by 
overreaching the specified target on all four occasions (average 11.7 %) for both the 





5.3.2.3 Knee range of movement  
Results of the repeated measures ANOVA revealed significant leg by test occasion 
interaction for knee flexion’ ROM (F(1.6, 39.1)GG = 16.5; p < 0.001). As anticipated, mean 
knee flexion’ ROM of the control leg did not vary significantly over the assessment 
period (group mean 120.2  ± 12.5 ), whereas ROM of the operated leg was lower 
six weeks after surgery compared to the mean values at earlier assessment points 
(93.5  ± 15.9  versus 109.5  ± 13.2 , respectively) (-20.9 % [d = 1.1]). Although, 
mean flexion range of the operated leg increased modestly at week 12 week post-
surgery compared to the group average at earlier assessment points (100.4  ± 13.8 
 versus 104.1  ± 14.1 , respectively), values were still below the baseline range of 
the control leg (-15.1 % [d = 0.7]). Significant statistical interactions corresponding to 
Reverse Helmert orthogonal difference comparisons and a priori hypotheses, at week 
6 (F(1, 25) = 23.3; p < 0.001) and week 12 post-surgery (F(1, 25) = 4.7; p = 0.041), 
appeared to contribute most to the significant overall ANOVA interaction. 
No significant two-factor (leg by test occasion) interaction was revealed for knee 
extension ROM (F(2.2, 54.0)GG = 1.8; p = 0.171). Although, a greater range was observed 
for the control leg compared to the operated leg across the period of monitoring, knee 
extension values of both legs remained relatively constant (average group mean 4.3 
 ± 4.8  and 0  ± 5.2 , respectively). Figures 5.12 and 5.13 illustrate knee flexion’ 
ROM and knee extension’ ROM group means (± SD) across ~12 weeks pre-surgery, 




Figure 5.12 Knee flexion’ ROM () group means (± SD) of the 
operated and control legs across ~12 weeks pre-surgery, 3 
weeks pre-surgery, 6 weeks post-surgery and 12 weeks 
post-surgery. 
Figure 5.13 Knee extension’ ROM () group means (± SD) of the 
operated and control legs across ~12 weeks pre-surgery, 3 weeks 
pre-surgery, 6 weeks post-surgery and 12 weeks post-surgery. 
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5.3.2.4 Knee and thigh circumference  
Knee circumference results indicated a significant leg by test interaction (F(3, 75) = 26.4; 
p < 0.001). Similar to the pattern of changes observed for previously reported results, 
control knee circumference did not vary significantly over the assessment period (42.6 
± 4.2 cm). As expected circumference of the operated knee was larger at weeks 6 
and 12 post-surgery compared to grouped mean values of preceding assessment 
points (45.3 ± 4.1 cm versus 43.2 ± 4.4 cm [5.8 %] and 44.8 ± 3.7 cm versus 43.9 ± 
4.3 cm [4.7 %], respectively). Additionally, the computed moderate relative ES at 6 (d 
= -0.5) and 12 (d = -0.3) weeks post-surgery compared to the operated leg baseline 
performance appears to reflect a gradual reduction in post-operative swelling. 
Significant statistical interactions corresponding to Reverse Helmert orthogonal 
difference comparisons and a priori hypotheses, at week 6 (F(1, 25) = 44.7; p < 0.001) 
and week 12 post-surgery (F(1, 25) = 10.2; p = 0.004), appeared to contribute most to 
the significant overall ANOVA interaction. 
In comparison to knee circumference, thigh circumference did not demonstrate a 
significant leg by test occasion interaction (F(3, 75) = 0.7; p = 0.533), indicating this 
outcome did not vary substantively over the six-month assessment period for both the 
operated and control leg (average group mean 46.1 ± 5.0 cm). Figures 5.14 and 5.15 
illustrate knee circumference and thigh circumference group means (± SD) across 






Figure 5.14 Knee circumference (cm) group means (± SD) of 
the operated and control legs across ~12 weeks pre-surgery, 3 
weeks pre-surgery, 6 weeks post-surgery and 12 weeks post-
surgery. 
Figure 5.15 Thigh circumference (cm) group means (± SD) of 
the operated and control legs across ~12 weeks pre-surgery, 3 




Detailed group mean (± SD) scores for performance outcomes of the operated and 
control legs at the four measurement points are described in appendix XII. Percentage 
score changes and ES at three weeks prior to surgery, and weeks 6 and 12 post-
surgery relative to baseline evaluations, are also included. Analysis of Covariance 
(ANCOVA) was not utilised for primary analysis in this chapter, as anthropometric 
characteristics and orthopaedically relevant factors (participant’s age, gender, BMI, 
time to surgery, prosthesis type, anaesthetic) did not demonstrate any significant 
correlations with the outcome measurements (appendix XIII a to XIII j). 
5.4 Discussion 
This study examined peri-surgical changes in objective measures of physical function, 
as well as indices of neuromuscular and sensorimotor performance capabilities of 
people undergoing TKA for severe knee OA. The results indicate that there is no 
significant interaction between the operated and control leg over a six-month peri-
surgical assessment period for one aspect of physical function implicated in standing 
balance (postural stability). In contrast, statistically significant interactions were 
observed for the secondary outcomes including indices of neuromuscular 
performance such as PFV, RFD, RFR, A-EMD (vastus medialis) and R-EMD (vastus 
medialis). Further, measures of ROM (knee flexion) and knee circumference 
demonstrated significant interactions. No significant interactions were discovered for 
superimposition (CAR), sensorimotor performances, thigh circumference and knee 
extension. However, significant main effects were revealed for CAR and R-EMD 
vastus lateralis. Expected differences between the operated and control legs at week 
6 and 12 post-surgery were observed to have the greatest contribution to the overall 
changes in the selected outcome measures. Volitional peak force was the only muscle 
performance’ index that demonstrated significant interaction from the point at which 
participants were listed for surgery to three weeks pre-surgery. 
5.4.1 Post-surgical changes 
Postural stability showed no significant change over the period of assessment, a 
finding that was not anticipated. In contrast, previous studies have observed 
significant declines in this outcome up to two weeks following TKA compared to pre-
surgical values. Cho and Huang (2013) observed a significant increase in single limb 
postural sway (11.3 ± 1.0 days post-TKA), while Stan et al. (2013) saw significant 
increases in ML and AP displacement (3.4 % and 23.2 % respectively) as well as 
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average velocity (16.8 %) indicating a deterioration in double limb postural stability 
seven days following surgery. However, findings presented here are in agreement 
with a smaller study involving 14 women with a similar follow-up period by Vahtrik et 
al. (2014). The authors found COP sway displacement (both AP and ML) of the 
operated and control legs did not change significantly from pre- to three months post-
surgery. Vahtrik et al. (2014) did document the mean AP sway for the operated leg of 
TKA recipients was increased prior to and at three months after surgery compared to 
healthy controls while no significant difference was observed for the ML direction.  
It is plausible that postural stability may deteriorate immediately post-surgery, but then 
may recover comparatively quickly to pre-surgical levels. Accordingly, it is speculated 
that changes in postural stability, which may have occurred immediately following 
surgery, were not captured and had recovered by week six post-surgery. This theory 
is supported by the work of Gauchard et al. (2010), which identified that postural 
deficits observed 17 to 20 days following surgery were ameliorated by development 
of postural sensorimotor strategies (compensation involving ankle and hip joints), and 
progressive functional restoration similar to age-matched controls by days 34 to 41. 
Although, postural restoration appears to be complete by week six, locomotor 
recovery may require longer and occur between six months and one year post-surgery 
(Mainard et al. 2000; Bade et al. 2010). Nevertheless, drawing comparisons between 
results presented here and the existing literature should be performed cautiously due 
to the heterogeneity of testing methods and the absence of explicit detail regarding 
the calculation of postural stability in previous studies.  
Anticipated changes in physiological performance capabilities such as PFV were 
observed at both post-operative assessment time points with muscle strength 
showing the greatest deficits at week six after surgery. At week six, the average PFV 
of the quadriceps muscle on the operated side (measured at 45 ° of knee flexion) was 
profoundly lower (-48.6 %; d = 0.7) than the control leg performance at baseline. 
Interestingly, the quadriceps of the control leg demonstrated a 3.7 % (d = 0.1) decline 
in force. Twelve weeks after surgery, participants still exhibited decreased quadriceps 
strength in both the operated (-34.2 %; d = 0.2) and control legs (-2.1 %; d = 0.05) 
compared to the control leg’s performance at baseline. However, by week 12 
participants’ operated leg had recovered sufficiently to be able to generate a similar 
level of force compared to the value obtained when listed for surgery (210.5 ± 97.1 N 
versus 194.2 ± 79.6 N). It is well established that surgery adversely impacts muscle 
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strength and the decline in quadriceps force observed for the operated leg in the 
present study, is in agreement with the general literature. Illustratively, reductions in 
quadriceps muscle force in the region of 40 % to 62 % have been observed at four 
weeks to three months following TKA (Stevens et al. 2003; Mizner et al. 2005a; Bade 
et al. 2010; Petterson et al. 2011; Vahtrik et al. 2014). In the present study, results of 
neuromuscular performance testing demonstrated significant recovery of quadriceps 
strength during the 6 to 12 week post-TKA epoch. However, muscle weakness was 
still apparent at week 12 with a level of impairment similar to that observed prior to 
surgery. Moreover, functional performance capability remained lower compared to 
values reported for healthy adults in previous studies (Stevens et al. 2001; Bade et 
al. 2010).  
According to the work of Stevens et al. (2003) more than half of the observed 
reduction in strength post-surgery, is related to an increase in arthrogenous muscle 
inhibition (AMI). Several measurement techniques and equations are available for 
calculating AMI, one of which is the CAR (Hart et al. 2010). In theory, if a person is 
able to contract all motor units of the quadriceps muscle, further stimulation will not 
lead to any additional force production (Newham et al. 1989; Hurley et al. 1992). In 
the current study, additional excitation of motorneurons of the quadriceps muscle did 
not reveal any significant interactions suggesting that approximately 95 % muscle 
motor units were recruited. In contrast, Stevens et al. (2003) found CAR values 
decreased by an average of 17 % from pre- to day 26 post-surgery, with CAR decline 
accounting for 65 % of the variability in quadriceps strength change. Mizner et al. 
(2003) reported comparable results, which a large portion of the variance (65 %) in 
quadriceps index (PFV operated leg/PFV control leg) was explained by volitional 
activation three to four weeks post-surgery. Similarly, Petterson et al. (2008) reported 
that the CAR explained 40 % of the variance in quadriceps strength of the knee with 
OA and 17 % of the variance in the contra-lateral limb. The cited studies employed 
electrical stimulation instead of magnetic stimulation as used in the present study. 
The results of this study are in agreement with findings from several previous studies, 
which utilised the interpolated twitch technique to apply the electrical stimulation 
(Berth et al. 2007; Gapeyeva et al. 2007; Vahtrik et al. 2012). In addition, the results 
presented are comparable to those of Lewek et al. (2004), which did not show a 
significant difference in the mean CAR values between people suffering from knee 
OA and asymptomatic adults.  
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Although different methods to quantify muscle activation have been used, full 
activation of the quadriceps muscle can be evaluated either through stimulation of the 
femoral nerve or via electrodes applied directly on the quadriceps. However, it is 
important to point out that nerve stimulation may be the only way to achieve true 
maximal activation (Bigland-Ritchie et al. 1978) provided that percutaneous 
stimulation spreads current to the surrounding muscle in the area of the electrodes 
(Becker and Awiszus 2001). Further, electrical stimulation can cause discomfort and 
is believed to cause questionable results due to participant apprehension around 
exerting maximal force while at the same time expecting a painful stimulus (Button 
and Behm 2008). Previous studies have determined that quadriceps strength deficit 
is largely mediated by neuromuscular activation failure (Stevens et al. 2003; Mizner 
et al. 2005a) and to a smaller degree by muscle atrophy (Mizner et al. 2005a). 
Findings of the current study appear to challenge this view and suggest that muscle 
atrophy may play a more prominent role than previously assumed. Similarly, a recent 
study by Petterson et al. (2011) reported that both voluntary muscle activation and 
cross sectional area (CSA) contribute equally to the variance in quadriceps muscle 
strength four weeks following TKA. Moreover, the authors reported that CSA was 
more important at 12 weeks post-surgery, explaining 44 % of the variance compared 
to 29 % for voluntary muscle activation.  
In addition to changes in muscle peak force, participants demonstrated significant 
interactions with regard to muscle force-generation and relaxation capacity post-
operatively, particularly at week six. Rate of force development of the operated leg at 
weeks 6 and 12 post-surgery was 63.9 % (d = 0.5) and 39.7 % (d = 0.1) longer in 
duration respectively compared to the control leg baseline data. The control leg 
demonstrated quicker RFD at week 6 (-11.8 %; d = 0.1) and week 12 (-29.9 %; d = 
0.3). Results of the RFR illustrated a similar pattern for the operated leg, however side 
differences at week 12 were less pronounced (-4.6 %). In contrast, the control leg 
improved at both post-operative assessment points (26.6 %; d = -0.2 and 18.4 %; d = 
-0.2, respectively). The results for RFD presented here are similar to those of Vahtrik 
et al. (2012), who also reported that the greatest differences in RFD occurred in the 
early post-operative period. Factors affecting RFD are both central and peripheral 
(Vahtrik et al. 2012). Additional physiological variables influencing RFD are muscle 
fibre type (Harridge et al. 1996), muscle cross sectional area (Aagaard and 
Throstensson 2003), muscle strength (Schmidtbleicher 1992; Andersen and Aagaard 
2006), visco-elastic properties of the muscle-tendon complex (Wilkie 1949; Bojsen-
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Moller et al. 2005; Moerch et al. 2013) and neural drive to the muscle (Clarkson et al. 
1981; Grimby et al. 1981; Aagaard et al. 2002). Although RFD is reported to be 
dependent on these factors, it is believed that RFD provides a better reflection of 
changes in neuromuscular function (Angelozzi et al. 2012; Jenkins et al. 2014; 
Penailillo et al. 2015) and side-to-side differences (Maffiuletti et al. 2010) compared 
to PFV. Further, RFD appears to have stronger links with functional daily activities 
(Maffiuletti et al. 2010; Tillin et al. 2013). However, in this clinical study no intimately 
linked pattern of change amongst RFD values and functionality (postural stability) was 
identified. 
The phenomenon of muscle relaxation occurs following the excitement of 
corticospinal projection neurons or intracortical inhibitory interneurons (Toma et al. 
1999). One of the main determinants influencing muscle relaxation is the 
sarcoplasmic reticulum Ca2+ reuptake and/or the rate of cross-bridge kinetics (Dux 
1993; Ce et al. 2014). Reduced relaxation speed six weeks following TKA may be due 
to disordered intermuscular coordination and/or changes in muscle contractile 
properties. Results presented here are similar to those of Gapeyeva et al. (2007) who 
also found a delayed muscle relaxation response six months following TKA compared 
to pre-operative values. In contrast, Vahtrik et al. (2012) reported no changes in the 
capacity for rapid muscle relaxation in a sample of women at three and six months 
post-surgery. Conflicting data may be mediated partly due to the cited studies 
assessing RFR as the half-relaxation time, whereas the current study calculated RFR 
based on the average rate of force decrease between 75 % to 25 % peak force. It is 
speculated that the evaluation of RFR between 75 % to 25 % peak force provides a 
better approach towards assessing muscle relaxation properties, as it provides an 
indication over a wider time frame rather than at one time point like the half-relaxation 
time. However, a review of the literature reveals a lack of uniformity in methods used 
to derive RFD and RFR and there is currently no consensus in guidance regarding 
how these outcomes should be calculated.  
A novel aspect of this study was the evaluation of EMD in people undergoing TKA. In 
the current study, significant interaction for the A-EMD and R-EMD of the vastus 
medialis were observed, whereas vastus lateralis showed no such interactions. 
Anticipated outcome changes, particularly at week six contributed most to the overall 
significant interaction of A-EMD, whereas changes at week 12 were more influential 
for the R-EMD. Electromechanical delay activation of the operated leg was prolonged 
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by 11.3 % (d = -0.7) at week six for the vastus medialis compared to the baseline 
performance of the control leg. In contrast, the control leg improved by 18.8 % (d = 
0.1) at week six following TKA. Electromechanical delay relaxation of the vastus 
medialis demonstrated a similar pattern 12 weeks post-surgery. Whereas the 
operated leg exhibited reduced performance capability compared to the control leg 
baseline value (15.3 % [d = -0.4]), the R-EMD of the control leg improved (37.7 % [d 
= 0.6]). The enhanced performance capability of the control leg tends to suggest a 
greater preferential use of the non-operated leg during habitual daily functional 
activities such as, sit-to-stand transfers, ambulation and stair climbing.  
The study by Libardi et al. (2015) indicates that EMD of the vastus medialis and vastus 
lateralis do not seem to be significantly different between young, middle-aged and 
elderly people (p > 0.05). However, higher A-EMD values were observed for 
participants in the present clinical study in comparison to data for healthy adults 
reported in previous studies (Minshull et al. 2011; Shepherd et al. 2013; Hannah et 
al. 2014). Notably, post-operative A-EMD data for our sample of TKA recipients are 
similar to results obtained for people prior to and after anterior cruciate ligament 
reconstruction surgery (Bailey et al. 2013 and Kaneko et al. 2002 respectively). The 
R-EMD vastus medialis values presented are comparable to those for healthy 
individuals (Ferris-Hood et al. 1996), while vastus lateralis values are slightly higher 
than those for people with myotonic dystrophy type 1 (Esposito et al. 2016). 
The results for sensorimotor performance were particularly interesting. Although 
participants generally perceived that they matched the designated target force, 
objective measurements indicated that the target force was overreached at all 
measurement points by at least 11.7 %. Importantly, this occurred for both the 
operated and control leg and may reflect limitations of the afferent nerve system. This 
finding may be an integral factor to consider when prescribing appropriately dosed 
exercise interventions for people with knee OA undergoing TKA. Health professionals 
should be aware of the level of stress imposed during a conditioning programme and 
the importance of incorporating an adequate recovery period. Overreaching training 
loads with adequate recovery can lead to performance increases (Halson and 
Jeukendrup 2004; Meeusen et al. 2013). However, overtraining with insufficient rest 
can lead to systemic inflammation resulting in negative effects on the central nervous 
system (Smith 2000; Armstrong and VanHeest 2002; Smith 2003). Further, people 
can experience fatigue, performance decline (Meeusen et al. 2013) and muscle 
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damage (Heavens et al. 2014). Exercise intensity has been defined as the primary 
factor that determines the level of muscle damage (Heavens et al. 2014).  
Alterations identified for ROM (flexion) and knee circumference were comparable to 
previously published literature. However, participants’ average knee flexion pre-
surgery of 109.7 ° was not only 21.5 % lower than the mean for healthy adults (139.7 
°), but also less than data previously reported for people undergoing TKA (Bade et al. 
2010; Cho and Hwang 2013). Interestingly, the average knee flexion for the control 
leg in the present study was also reduced, with values comparable to those for the 
operated leg in the study of Bade et al. (2010). Hamilton et al. (2012) reported slightly 
lower pre-operative knee flexion (104.7 °), but six weeks after surgery, average knee 
flexion for their participants was marginally higher (96.4 °) than that observed here 
(93.5 °). Knee ROM greater than 90 ° is believed to be sufficient for most functional 
activities (Ritter and Campbell 1987), however, 125 ° may be required for climbing 
and descending stairs (Meneghini et al. 2007). The average knee circumference of 
participants in the current study was similar to that reported for people undergoing 
TKA by Holm et al. (2010), however, observed change in knee size was smaller than 
in the cited study.  
5.4.2 Pre-surgical changes 
Previous research has indicated that pre-surgical waiting time of approximately 304.2 
days has no statistically significant effect on isometric knee extension and flexion 
strength (Vuorenmaa et al. 2008). The case study by Struessel et al. (2013) highlights 
a precipitous decline in muscle strength (46.7 % in quadriceps and 26.1 % in 
hamstring strength decline [percentage change relative to the baseline evaluations]) 
following an unexpected surgical waiting period of six months. Interestingly in their 
example, the greatest proportion of muscle strength decline occurred in the last three 
months prior to surgery. However, results of the present study indicate that 
participants experienced a moderate decline (d = 0.3) of 10.3 % in quadriceps 
strength of the non-operated leg while awaiting knee joint replacement surgery 
(average waiting time 84.7 ± 36.9 days), whereas the strength of the operated leg 
remained unchanged. It is speculated that the small decrease in force of the non-
operated leg prior to surgery may be due to a reduction in general physical activity 
levels which were not detected due to potential limitations of the IPAQ (the reader is 
referred to Chapter 4).  
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5.4.3 Study limitations  
Several factors should be considered with respect to generalising conclusions that 
are potentially revealed from this study. A strength of the present study is the equal 
proportion of male and female participants in this cohort, which closely reflects the 
gender split of the TKA population at the RJAH NHS Trust hospital during the study 
period. To examine whether sex ratio, anthropometric characteristics or 
orthopaedically relevant factors had an effect on study results, potential associations 
between these variables and the selected objective measures were explored 
(appendix XIII a to XIII j). There were no relationships subsequently found and 
therefore, sufficient confidence can be placed in the analysis and results presented 
here. Caution is required when generalising these findings to the wider TKA 
population, as this study was conducted at a specialised orthopaedic hospital. 
Further, operation techniques (i.e. invasive or non-invasive) conducted at other 
hospitals or patient characteristics may influence findings. 
Secondly, people with bilateral knee OA were included in the current study, which 
may complicate side-to-side (within participant) comparisons. However, study 
inclusion criteria were selected on the basis of presenting a realistic clinical picture of 
people undergoing TKA.  
5.4.4 Clinical implications and further research 
The strength of this controlled longitudinal clinical study is the evaluation of objective 
functional, neuromuscular and sensorimotor performance capabilities over four 
assessment points in order to provide a comprehensive description of peri-surgical 
functional performance capabilities of people awaiting knee arthroplasty. Outcomes 
selected for this study are now increasingly being utilised for the assessment of knee 
capabilities of asymptomatic athletes (Minshull et al. 2009; Minshull et al. 2012), 
people with anterior cruciate ligament injuries (Gleeson et al. 2008; Haider 2014; 
Bailey 2015; Yates 2015) and people undergoing TKA (Vahtrik et al. 2012; Vahtrik et 
al. 2014). The findings presented regarding functional impairments will better inform 
future studies on exercise interventions for people undergoing TKA and may guide 
the selection of functional outcome measurements. However, future research 
involving adequate statistically-powered designs, appropriately dosed resistance 
training, focusing on rapid production of force (i.e., explosive-type exercises and/or 
ballistic training) and incorporating flexibility exercises, is needed before clinical 
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recommendations can be made with regard to the mode and delivery of TKA 
prehabilitation. Additionally, integrated cost effectiveness or quality of life years 
(QALYs) evaluation is advised to support a business case for the application of 
prehabilitation in the TKA population. 
This is the first study to evaluate EMD in patients undergoing TKA and report 
differential effects on the vastus medialis and lateralis muscles. Additional research 
is required to determine whether exercises designed to increase quadriceps strength 
require review and modification to address this apparent imbalance. In addition, 
further work to establish the clinical utility of this outcome is warranted.  
This clinical study focused on the assessment of physical function from the time at 
which participants had their initial orthopaedic consultation (~12 weeks pre-surgery) 
to 12 weeks post-surgery. Further studies are recommended to evaluate functional 
performance across a longer time period prior to surgery, for example from the point 
when patients consult with their general practitioner for an orthopaedic referral up to 
the time of surgery. Additionally, long-term changes of physical function (up to one 
year) following TKA were beyond the scope of this study, and future studies may wish 
to consider extending the post-operative evaluation period.  
5.5 Conclusion  
An objectively measured aspect of physical function (postural stability) does not 
indicate a statistically significant interaction between the operated and control legs of 
people undergoing TKA during a six-month peri-surgical assessment period (i.e., ~12 
weeks pre-surgery to 12 weeks post-surgery). Conversely, indices of neuromuscular 
performances such as, PFV, RFD, RFR, A-EMD (vastus medialis) and R-EMD (vastus 
medialis) indicate significant time related interactions with changes at week 6 and 12 
post-surgery contributing most to the overall alterations. Volitional peak force is the 
only physiological index to demonstrate significant interaction during the period prior 
to surgery as well as after surgery.  
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Chapter 6: Congruency and responsiveness of 
perceived exertion and task duration 






Chapter 6: Congruency and responsiveness of perceived exertion and 
task duration associated with an intermittent isometric fatigue task 
6.1 Introduction  
An excess of methods have been utilised to assess outcomes following total knee 
arthroplasty (TKA), however there is no consensus regarding standardisation of 
physical function assessment (Drake et al. 1994; Garratt et al. 2004; Khanna et al. 
2011; Rodriguez-Merchan 2012). Researchers have previously highlighted that 
patient-reported outcomes (PROs) have poor correlations with objective measures of 
physical function (Rossi et al. 2006; Mizner et al. 2011; Stevens-Lapsley et al. 2011). 
Moreover, existing self-report and objective instruments evaluate various aspects of 
physical function (Kennedy et al. 2002; Witvrouw et al. 2002; Stratford and Kennedy 
2006; Gandhi et al. 2009; Jacobs and Christensen 2009). Accordingly, both 
assessment approaches are required to provide proper insight into a patient’s 
functional status (Bolink et al. 2015).  
Self-perception is an essential part of evaluation by PROs, which recognise the 
individual’s perspective when appraising the success of an intervention. Moreover, 
precise self-perception of the intensity or stress associated with exercise is an 
essential element for its regulation and conditioning effectiveness, as well as for 
optimising performance (Tucker 2009; De Koning et al. 2011; Abbiss et al. 2015). 
Exercises such as resistance training and intensive functional activities are 
recommended as part of a rehabilitation programme following TKA (Pozzi et al. 2013). 
Isometric and isolated muscle work, in particular for the quadriceps femoris muscle, 
also appears to be an important component of exercise programmes (Meier et al. 
2008; Petterson et al. 2009; Anwer and Alghadir 2014). There is a paucity of dose-
response evidence to guide the formulation of effective peri-surgical exercise 
programmes for people undergoing TKA (Chapter 2 ‘Literature Review’ – section 2.2; 
Skoffer et al. 2015). However, the current literature recommends an exercise regime 
of one set or more of 10 to 15 repetitions at 60 % to 80 % one-repetition maximum (1 
RM) (American College of Sports Medicine 2010; Steib et al. 2010). Although 
throughout the rehabilitation process, the majority of people will have limited access 
to clinical supervision (Coppola and Collins 2009). Additionally, the requirements for 
cost-effective healthcare interventions have led to an increased shift towards 
unsupervised intervention protocols (Papalia et al. 2013), where people take 
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responsibility for the successful delivery of their prescribed exercise programmes 
(Forster and Frost 1982). Accordingly, additional importance is placed on accurate 
self-perception of exercise performance and exertion. 
The regulation of exercise intensity is based on a person’s perceived exertion and is 
necessary to prevent critical interferences of homeostasis (Tucker 2009; De Koning 
et al. 2011). An altered perception of knee function may affect an individual’s ability 
to effectively self-moderate the exercise programme intended to return him/her to full 
functional capability. Importantly, imprecise perception in which there is an 
overestimation of capabilities and thus, a tendency to exercise at higher than optimal 
intensity could lead to fatigue-related deteriorations in neuromuscular performance 
such as strength (Zebis et al. 2010) and delayed muscle response times (Minshull et 
al. 2007). Conversely, an underestimation of performance capacity may lead to a ‘sub-
optimal’ level of performance and consequently a failure to accomplish intended 
exercise aims resulting in neither improvement nor maintenance of performance 
(Plowman and Smith 2014). Moreover, this could result in larger demands being 
placed on post-surgical healthcare services including readmission and surgical 
revision procedures. Illustratively, general practitioner (GP), outpatient and 
physiotherapy consultations relating to the operated knee, accrue an average cost of 
£1,095 per patient over a five year follow-up period in addition to the total cost for 
primary TKA (Dakin et al. 2012). 
Setting the appropriate exercise stimulus is important to minimise the risk of fatigue, 
injury, illness (Halson 2014) and susceptibility to infections (Budgett 1990). Moreover, 
it is crucial to achieve desired increases in skeletal muscle size (D’Antona et al. 2006), 
change in muscle fibre-type composition (Malisoux et al. 2007), augment enzyme 
activities (Green and Pette 1997) and alter muscle activation (Bishop et al. 2011). An 
appropriately adjusted training load is not only essential to improve someone’s 
performance (Halson 2014), but is also crucial to preserve long-term adherence to an 
exercise programme, such as resistance training (Focht 2007).  
Several task’, effort, awareness, exertion and exhaustion time scales have been 
developed to monitor perceived exertion and regulate work-rate (Garcin et al. 1999; 
Swart et al. 2012). The Borg Category-Ratio Scale (CR-10) a subjective rating scale 
used to measure the rating of perceived exertion (RPE) (Borg 1998), defined as a 
person’s perception of their own exertion level or sense of effort (De Morree and 
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Marcora 2013), is now accepted as an essential part in the regulating process of 
energy expenditure and performance-rate in sport and exercise (St Clair Gibson et al. 
2006). This self-regulation technique is additionally known as pacing strategy (Abbiss 
and Laursen 2008). Moreover, RPE is acknowledged as a robust marker of intensity 
and of disturbances to physiological homeostasis during exercise (Eston 2012). There 
is general agreement that RPE increases linearly with physical activity (PA) of 
consistent intensity such as during running or cycling tasks (Horstman et al. 1979; 
Noakes 2004; Eston et al. 2007; Crewe et al. 2008; Eston 2012). Additionally, a linear 
relationship between RPE and exercise duration has been reported (Morgan and Borg 
1976; Horstman et al. 1979), suggesting that perceived exertion may represent a 
useful predictor of the time to endpoint or duration of an exercise session (Noakes 
2004; Eston et al. 2005; Eston et al. 2006; Faulkner and Eston 2007; Faulkner et al. 
2007). Although the intention of RPE is to monitor an individual’s experience of 
exertion in response to exercise, it is still not clear whether RPE provides a good 
indication of the time to endpoint or of exercise duration.  
One approach to predict exercise duration focused on whether people could 
anticipate exhaustion time, and resulted in the logarithmic estimation of time limit 
scale (ETL) (Garcin et al. 1999). The scale asks people: ‘how long would you be able 
to perform an exercise at this intensity up to exhaustion?’ and records their answer 
on a scale of 1 to 20. The scale has been successful with runners (Garcin et al. 2004) 
and cyclists (Garcin et al. 2011). Nevertheless, the usefulness of the ETL scale, as a 
means of prescribing exercise intensity, contrasts with its purpose at inception to 
predict exercise duration in a given exercise task. 
Recent literature indicates that sensations of effort required for the continuation of 
performance during an exercise task can be segregated from perceptions of exertion 
elicited by the task (Swart et al. 2012). In this respect, it is possible that a conscious 
prediction of the remaining exercise duration produces a contrasting pattern of 
response to RPE during a given task. Consequently, exploration of divergent 
paradigms of self-perception of exertional stress (RPE [CR-10] and perceived task 
duration [PTD]) are important to identify which scale offers the most precise reflection 
of task duration and therefore, may be recommended for regulating exercise 
performance during resistance training. The study by Shepherd et al. (2013) 
investigated patterns of change between two different paradigms of effort sense using 
the CR-10 and PTD within a sample of recreationally active males during an 
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intermittent isometric fatigue task (IIF). Their findings indicated that for fatiguing 
activities in an isolated muscle group both assessment instruments demonstrated 
equal efficacy in predicting cessation of exercise. However, there is a paucity of 
information regarding whether the CR-10 and PTD demonstrate a similar pattern of 
change in the TKA population during an IIF of the quadriceps femoris muscle, a 
physical task, which mimics the challenges inherent in clinical exercise conditioning.  
6.1.1 Summary 
The shift away from supervised rehabilitation towards greater self-management 
requires that people are able to accurately self-monitor their exercise performance 
and exertion and apply appropriately dosed exercise to achieve optimal outcomes. 
An extended period of sub-optimal exercise may result in insufficient physiological 
stress to restore knee function and recovery to a level of PA similar to asymptomatic 
peers. Subsequently greater post-operative healthcare burdens may be imposed on 
limited NHS resources. It is currently unclear whether measures of exercise self-
perception of exertional stress (CR-10 and PTD) demonstrate a similar pattern of 
change in a clinical population such as TKA and thus, may be recommended as a 
scale for regulating exercise performance during resistance training. Therefore this 
chapter investigated responsiveness and pattern of changes for outcomes of 
perceived exertion, PTD and neuromuscular performance obtained during an IIF. The 
aim was to enhance the understanding regarding whether people are able to 
accurately calibrate self-perceived exercise performance capability and perceptions 
of exertional stress. Further, this thesis intends to identify whether perceived exertion 
offers a precise reflection of task duration. 
6.2 Methods 
6.2.1 Study design and ethical approval 
This exploratory study was performed at the Robert Jones and Agnes Hunt 
Orthopaedic hospital NHS Foundation Trust (RJAH NHS Trust) and conducted in 
accordance with the ethical principles described in the Declaration of Helsinki. Ethical 
approval was obtained from the North East – Tyne & Wear South Ethics Committee, 
research and development department at RJAH NHS Trust, Oswestry, and Queen 
Margaret University, Edinburgh. The study protocol was also registered with the 





This research was performed with the same cohort of participants involved in Chapter 
4 and 5 of this thesis. The reader is referred to table 3.1 in Chapter 3 for a full 
presentation of participant characteristics. Thirty-six people diagnosed with severe 
knee osteoarthritis (OA) and awaiting primary knee arthroplasty surgery provided 
written informed consent prior to study commencement. Of this initial participant 
group, 26 people (female: n = 13; age: 66.8 ± 1.4 years [mean ± standard deviation 
(SD)]; body mass index [BMI]: 30.1 kg·m-2 [range 21.2 - 42.7 kg·m-2]; waiting time: 
84.7 ± 36.9 days) completed the study’s two prescribed time points for assessment.  
6.2.3 Assessment procedure 
The reader is referred to Chapter 3 ‘General Methods’ – section 3.7.1 and 3.7.2 for a 
more detailed explanation of assessment instruments and procedures employed in 
this study.  
The present study was designed to focus on two repeated-measures assessments of 
people electing TKA surgery, across a period of approximately six-months (168 days), 
from the time participants were listed for surgery (typically, ~12 weeks prior to surgery) 
to 12 weeks after their operation. The assessments quantified and described 
measures of perceived exertion (CR-10), PTD, individualised perceived deficits in 
functional capabilities (Performance Profile [PP]) and neuromuscular performance 
capability. Participants attended for repeated assessments involving the IIF at the 
following two time points: (i) ~12 weeks pre-surgery17 and (ii) 12 weeks post-surgery.  
Prior to all testing sessions, participants were familiarised with the assessment 
procedures, which included a standardised warm-up (walking along a 150 m corridor 
at a self-selected pace) for approximately five minutes. The first assessment involved 
task familiarisation, as well as a baseline evaluation, and was of relatively greater 
duration compared to the follow-up assessment session. Measures of perceived 
exertion such as the CR-10 and PTD were documented during each IIF inter-set rest 
period. For the CR-10 scale, the following question was asked: ‘Think about the 
feelings in your working muscles during your last effort, please rate those feelings’. 
The PTD was recorded by asking participants: ‘How many more of these sets are you 
                                               
17 Mean waiting time 84.7 ± 36.9 days 
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able to perform?’ The IIF was completed when participants reported that they were 
unable to activate their muscle at the prescribed exercise intensity for an additional 
set of exercise. The PP was assessed prior to and immediately after the IIF to provide 
an indication of perceived deficits in functional capabilities of the operated leg. Each 
test session also utilised electromyography (EMG) and dynamometer-based 
instruments to evaluate the following indices of neuromuscular performance capability 
of the quadriceps muscle: volitional peak force (PFV), rate of force development 
(RFD), rate of force relaxation (RFR), electromechanical delay activation (A-EMD), 
electromechanical delay relaxation (R-EMD) and central activation ratio (CAR). 
Indices of neuromuscular performance were evaluated for the quadriceps femoris 
muscle prior to and immediately following the IIF. Figure 6.1 illustrates the order of 
the assessment procedures. 
6.2.3.1 Intermittent isometric fatigue task 
Each of the assessment sessions included an IIF similar to the task conducted by 
Shepherd et al. (2013) and is detailed in Chapter 3 ‘General Methods’ – section 
3.7.2.2.5. The design of the IIF mimics (at a micro level) aspects used in clinical 
exercise conditioning programmes for people undergoing TKA. Participants were 
invited to complete the task by maintaining a set of a target force (70 % of their daily 
peak force capacity) for a 10-second period, which was subsequently repeated 
following a five-second rest interval. Participants were ‘blinded’ to the magnitude of 
the target force. However, two pre-assessment trials familiarised participants with the 
process of guidance to the target force (i.e., higher; lower; hold it there and remember 
that level of force). Standardised verbal encouragement and guidance, provided by 
the researcher, assisted participants to maintain the target force during each exercise 




Figure 6.1 Assessment procedure. CR-10 = Borg Category-Ratio Scale; PTD = 
Perceived Task Duration; PFV = volitional peak force.  
6.2.3.2 Perceived exertion 
Similar to the study performed by Shepherd et al. (2013), the perceptual measures 
CR-10 and PTD were extracted retrospectively at 10 % intervals of each participant’s 
individually achieved IIF duration, commencing at 10 % and concluding at 100 %. A 
cubic spline function allowed routine interpolation of values corresponding to 10 % 
increments in task duration, which were subsequently utilised for analysis (Keele 
2008). Participant data (CR-10 and PTD) were included for final analysis if the IIF 
consisted of a minimum of three sets.  
6.2.3.3 Indices of neuromuscular performance 
The evaluation of indices of neuromuscular performances were performed according 
to the guidelines provided for each outcome measurement and is detailed in Chapter 
3 ‘General Methods’ – section 3.7.2.2. 
Mean responses from three intra-trial replicates was used for statistical analyses to 
identify participants’ baseline status prior to the IIF. Following the IIF only one 
response was recorded and used for subsequent analyses. Only one recording was 
performed to minimise the potential for ‘fatigue-related’ carry-over effects. The index 
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of volitional PFV was registered as highest quadriceps muscle force response. 
Superimposition was evaluated using a percentage calculation from data gathered 
using the CAR approach (Kent-Braun and Le Blanc 1996; Behm et al. 2001). The 
CAR was calculated using equation 3.6 (Chapter 3 ‘General Methods’ – section 
3.7.2.2.3.1). The RFD was calculated as the average rate of force increase between 
25 % and 75 % of PFV. The RFR was recorded as the average rate of force decrease 
between 75 % and 25 % of the PFV. The time delay between the onset of EMG and 
the onset of force (electromechanical delay [EMD]) was computed as A-EMD during 
the voluntary muscle activation. The EMD between the quiescent EMG and the loss 
of force was computed as R-EMD during the voluntary muscle relaxation. 
Electromechanical delay was recorded for the vastus medialis and vastus lateralis of 
the quadriceps muscle. The onset of electrical activity, as well as muscle force, were 
defined as the first point in time where the recorded signals consistently exceeded the 
95 % confidence limits of the background electrical noise amplitude.  
6.2.4 Statistical analyses 
All final analyses were performed using the IBM Statistical Package for the Social 
Science (SPSS) version 21 (SPSS Inc., Chicago, IL, USA). Data were examined for 
normality via Shapiro-Wilk tests and if found to be non-normally distributed, a 
transformation was performed.  
Changes in CR-10 and PTD over the duration of the IIF were analysed separately 
using leg (operated, control leg) by time (~12 weeks pre-surgery, 12 weeks post-
surgery) by task progression (10 %, 20 %, 30 %, 40 %, 50 %, 60 %, 70 %, 80 %, 90 
%, 100 %) three-way repeated measures of analysis of variances (ANOVAs). 
Assumptions underpinning the use of ANOVA with repeated measures were checked, 
and violations were corrected, when appropriate, using the Greenhouse-Geisser 
adjustment of the degrees of freedom associated with the critical F-value, as indicated 
by GG. A three-factor ANOVA (leg: operated, control leg; time: ~12 weeks pre-surgery, 
12 weeks post-surgery; task stage: pre-IIF, post-IIF) was employed to examine the 
effect of repeated exposures to the IIF on indices of neuromuscular performance (PFV, 
RFD, RFR, A-EMD, R-EMD and CAR). A two-factor ANOVA (time: ~12 weeks pre-
surgery, 12 weeks post-surgery; task stage: pre-IIF, post-IIF) was used to explore the 
effect on PP. Unless stated otherwise, data are presented as group mean and ± SD. 
Statistical significance level was set at p < 0.05. 
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Relative ES was evaluated for each leg (operated, control leg) using the formula for 
Cohen’s d (equation 6.1), where M1 is the baseline mean and M2 is the mean of the 
follow-up evaluation at each assessment point. Additionally, percentage changes 
relative to the baseline at each assessment point were calculated.  
Equation 6.1 Cohen’s d parametric ES calculation. 






Of the 26 people who completed the study, 12 patients fulfilled the requirement of an 
IIF of three completed sets and were included for final analysis. 
6.3.1 Perceptual measures  
Patients reported that their perceptions of exertion (CR-10) had fluctuated significantly 
during the IIF (F(1.8, 19.6)GG = 4.7; p = 0.024, figure 6.2)18, but that the fatiguing task had 
elicited similar patterns of perception of exertion for the operated and control legs and 
that perceived exertion had been maintained at similar levels prior to and after surgery 
(F(1.8, 20.2)GG = 0.9; p = 0.417, figure 6.2)19. A priori contrasts suggested that patients’ 
group mean CR-10 responses during the progression through the IIF task were best 
characterised by a polynomial curvilinear pattern, with scores ranging between ~30 
% (3 units) associated with the curves’ minima at 10 % and 100 % of the task’s 
progression, and ~45 % (4.5 units) at the curve’s maxima (~30 % to 50 % of task 
progression) (F(1, 11) = 10.3; p = 0.008, figure 6.2, upper)19. All other relevant two-factor 
statistical interactions for CR-10 had failed to reach significance (F(2.2, 23.8)GG < 1.1)19. 
                                               
18 Significant ANOVA main effect for task progression reported for both CR-10 and PTD. 
19 Factorial analysis of variance with repeated measures had confirmed no significant three-
factor leg (operated, control leg) by time (~12 weeks pre-surgery, 12 weeks post-surgery) by 
task stage (pre-IIF, post-IIF) (F(1.8, 20.2) < 0.9; non-significant [ns]) or two-factor leg (operated, 
control leg) by time (~12 weeks pre-surgery, 12 weeks post-surgery; F(1, 11) < 1.1; ns) and leg 
(operated, control leg) by task progression (10 %, 20 %, 30 %, 40 %, 50 %, 60 %, 70 %, 80 




Patients’ patterns of prediction of the remaining exercise duration (PTD) during 
progression of the IIF were similarly uninfluenced by whether it had been assessed 
prior to or after surgery and had remained equivalent for operated and control legs 
(F(2.0, 22.3)GG = 0.8; ns, figure 6.2)19. However, while the IIF had elicited significant 
increases in PTD scores during the task’s progression (F(2.3, 25.6)GG = 133.9; p < 0.001, 
figure 6.2)18, the pattern of changes was qualitatively very different from those 
associated with the CR-10. A priori contrasts suggested that patients’ PTD responses 
during the progression through the IIF task were best characterised by a linear pattern 
between 10 % and 100 % of the task’s progression (F(1, 11) = 281.2; p < 0.001, figure 






Figure 6.2 Borg Category-Ratio Scale and PTD responses (group mean [95 % confidence interval]) ~12 weeks pre-
surgery (left) and 12 weeks post-surgery (right). 
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6.3.2 Effects of the intermittent isometric fatigue task 
The operated and control legs showed similar patterns of physiological fatigue during 
the IIF, with PFV for the knee extensors demonstrating relatively greater reduction in 
the IIF prior to surgery (315.2 ± 95.1 Newton [N] [group mean score of the operated 
and control leg] versus 279.4 ± 82.9 N; pre-IIF versus post-IIF, respectively [11.4 % 
reduction]) compared to after surgery (278.8 ± 109.5 N versus 256.7 ± 107.4 N [7.9 
% reduction]; F(1, 11) = 5.4; p = 0.041; table 6.1)20. Factorial analysis of variance with 
repeated measures had confirmed no significant three-factor leg (operated, control 
leg) by time (~12 weeks pre-surgery, 12 weeks post-surgery) by task stage (pre-IIF, 
post-IIF) (F(1, 11) = 0.3; p = 0.601) or two-factor leg (operated, control leg) by time (~12 
weeks pre-surgery, 12 weeks post-surgery) (F(1, 11) = 0.1; p = 0.733) and leg (operated, 
control leg) by task stage (pre-IIF, post-IIF) (F(1, 11) = 4.6; p = 0.056) interactions for 
PFV. 
While the IIF had elicited expected modest and similar levels of fatigue in the knee 
extensors of both the operated and control legs, it had not in general, significantly 
influenced (task stage: pre-IIF, post-IIF; F(1, 11) < 1.3; ns)21 other indices of 
neuromuscular performance (RFD, RFR, A-EMD, R-EMD and CAR), in either leg (F(1, 
11) < 3.3; ns)21 or differentially prior to and after surgery (F(1, 11) < 1.3; ns)21. The latter 
were thus maintained at the average group mean performance, described in table 6.1, 
amongst levels of the factors leg (operated, control leg), time (~12 weeks pre-surgery, 
12 weeks post-surgery) and task stage (pre-IIF, post-IIF). Individualised perception of 
functional need (PP) was unaffected by the IIF (task stage: pre-IIF, post-IIF) (F(1, 11) = 
0.02; p = 0.887) but perceived need was significantly greater when it had been 
assessed prior to (4.1 ± 1.8 units) rather than after surgery (6.6 ± 1.6 units [61.0 % 
reduction]; F(1, 11) = 14.8; p = 0.003)21. Exceptions to this pattern of findings included 
that the operated leg had shown inferior muscular activation characteristics compared 
to the control leg both prior to (93.0 ± 7.0 % versus 96.4 ± 2.4 %, respectively [average 
group mean score of task stage pre-IIF and post-IIF]) and after surgery (95.4 ± 3.0 % 
versus 96.9 ± 2.3 %, respectively; F(1, 11) = 6.0; p = 0.033, table 6.1), and that 
electromechanical latency during muscular relaxation (R-EMD) for the vastus medialis 
                                               
20 Significant time (~12 weeks pre-surgery, 12 weeks post-surgery) by task stage (pre-IIF, 
post-IIF) interaction for PFV. 
21 Main effect of factor reported. All other relevant three-factor and two-factor statistical 
interactions had failed to reach significance (F(1, 11) < 3.3; ns). 
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had been increased for both legs during the IIF prior to (201.0 ± 123.6 ms versus 
304.6 ± 240.4 ms [pre-IIF versus post-IIF, respectively; average group mean score of 
both operated and control legs]) but not after (198.0 ± 152.0 ms versus 198.0 ± 154.5 
ms, respectively) surgery (F(1, 11) = 14.0; p = 0.004, table 6.1). However, the latter 
finding had contrasted with concomitant findings for the vastus lateralis, where R-
EMD performance had been maintained during the IIF, and only improved significantly 
by the processes associated with surgery (248.5 ± 179.5 ms prior to surgery versus 
190.4 ± 148.0 ms after surgery [average group mean score of task stage pre-IIF and 
post-IIF for both legs]; F(1, 11) = 8.3; p = 0.015, table 6.1). Table 6.1 provides group 
mean data, percentage changes and relative ES of all outcomes associated with 
neuromuscular performance and of individualised perceived need (PP) (~12 weeks 





Table 6.1 Group mean scores (± SD) for the indices of neuromuscular performance of the operated and control leg and of 
individualised perceived need (PP). Percentage score changes (%) and ES relative to the baseline at each assessment point.  
  ~12 weeks pre-surgery   12 weeks post-surgery   
Variable 
 




Mean ± SD Mean ± SD   
 
Mean ± SD Mean ± SD   
 
 PFV (N) 
Operated leg 254.0 87.2 234.4 70.4 -7.7 
 
0.2 206.9 83.2 213.2 104.7 3.0  -0.1 
  
Control leg 376.3 102.9 324.4 95.4 -13.8 
 
0.5 350.7 135.7 300.1 110.0 -14.4  0.4 
  CAR (%) Operated leg 93.3 7.2 92.6 6.6 -0.8  0.1 95.9 2.7 94.9 3.2 -1.0 
 0.3 
  
Control leg 96.9 1.3 95.9 3.3 -1.0  0.4 96.7 2.3 97.1 2.3 0.4 
 -0.2 




Control leg 2362.9 2066.6 1209.9 1132.9 -48.8  0.7 1567.7 1555.9 1506.5 1983.0 -3.9 
 
0.0 
  RFR† (Ns-1) Operated leg 536.2 250.6 572.2 240.5 6.7 -0.1 1022.0 1038.3 877.6 955.1 -14.1  0.1 
  Control leg 1284.4 1174.6 1055.3 897.6 -17.8 
 
0.2 1338.0 1226.1 819.1 646.9 -38.8  0.5 
 A-EMD lateralis† (ms) Operated leg 50.1 21.8 44.7 22.8 -10.8  0.2 52.1 13.3 68.1 31.3 30.7  -0.7 
  Control leg 53.6 28.1 93.9 193.3 75.2  -0.3 48.8 18.9 58.8 27.0 20.5  -0.4 
 A-EMD medialis† (ms) Operated leg 50.1 22.7 50.3 33.4 0.4  0.0 55.6 19.4 65.0 28.3 16.9  -0.4 
  Control leg 87.6 139.3 112.2 250.5 28.1  -0.1 47.3 16.2 61.4 32.3 29.8  -0.6 
 R-EMD lateralis† (ms) Operated leg 214.3 90.6 282.6 177.2 31.9  -0.5 229.6 187.2 203.8 183.4 -11.2  0.1 
  Control leg 238.3 226.7 258.6 223.5 8.5  -0.1 115.8 70.8 212.2 150.3 83.2  -0.8 
 R-EMD medialis† (ms) Operated leg 187.9 57.2 340.6 268.4 81.3  -0.8 258.9 223.6 220.5 197.3 -14.8  0.2 
  Control leg 213.7 189.9 268.6 212.4 25.7  -0.3 136.9 80.3 175.0 111.7 27.8  -0.4 
 PP Operated leg 3.8 1.6 4.3 1.9 13.2  -0.3 6.9 1.4 6.4 1.8 -7.2  0.3 
† Raw mean values have been used for percentage change calculation. Standard deviation may be inflated due to skewed data. 
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6.4 Discussion  
This is the first clinical study to examine responsiveness and patterns of change for 
outcomes of self-perception of exertional stress (CR-10 and PTD) and neuromuscular 
performance when assessed during an IIF. These data indicate that pre- and post-
surgery responses of the operated and control leg were statistically similar. However, 
while the PTD increased linearly with the number of set repetitions, participants’ RPE 
responses (evaluated via the CR-10) remained almost unchanged from a clinical 
stand point. Findings also indicated that as anticipated, the IIF was able to provoke 
similar patterns of modest levels of fatigue, defined as a reduction in muscle strength 
(Enoka and Duchateau 2008), in both legs, at the time when participants were listed 
for their surgery (~11.4 % reduction in PFV; ~12 weeks pre-surgery) but slightly less 
so after surgery (~7.9 %; 12 weeks post-surgery). With the exception of subtle 
changes to CAR and R-EMD, the IIF had not substantively influenced other indices of 
neuromuscular performance (RFD, RFR, A-EMD, R-EMD and CAR) of the knee 
extensors in either leg, or differentially prior to and after surgery.   
The results regarding differential patterns of change for the CR-10 differs from 
previous reported results describing a linear pattern between perceived exertion and 
task duration (Horstman et al. 1979; Eston et al. 2007; Crewe et al. 2008; Shepherd 
et al. 2013). Upon closer scrutiny of the cited studies, it is obvious that there has been 
no standardised approach to examining patterns of RPE responses. What the findings 
in the current study appear to suggest is that the included measures of self-perception 
of exertional stress (CR-10 and PTD) may not be used interchangeably to predict 
cessation of exercise for people undergoing TKA. This supports more recent literature 
by Swart et al. (2012), which contends that sensations of effort required for the 
continuation of performance during an exercise task can be segregated from 
perceptions of exertion elicited by the task. Further in the current study, participants’ 
RPE responses remain relatively stable (~15 % range [~ 3 to 4.5 units, figure 6.2, 
upper] compared to full scale score, 100 %), with a peak perception of exertional 
stress occurring in the middle of the task’s progression. This pattern of response may 
have been expected following an IIF at a fixed intensity, notwithstanding the potential 
for small cardiovascular drift effects. However, it is notable but unexplained, why the 
perceived level of CR-10 (~ 3 to 4.5 units) appears to be poorly calibrated against the 
imposed exercise stress within the IIF (70 % of PFV), appearing to overestimate the 
patient’s perception of capability given that ultimately, there had been a voluntary 
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cessation of the task. Nevertheless, a person’s perception of fatigue is thought to 
reflect how the brain links and classifies the signals indicating disturbance of 
physiological homeostasis in response to exercise stimuli (Abbiss et al. 2015). 
Peripheral fatigue (changes to the muscle cells) accompanied by an increase in 
central drive is correlated with an increase in RPE during constant-load, high-intensity 
cycling (Overton 2013), and the rate of RPE increase also reflects a commensurate 
progressive exhaustion of fuel reserves (Noakes 2004). Participants’ CR-10 
responses in the present study remained constant with repeated sets of physical task. 
Evidently, it appears that this sample of TKA recipients did not perceive increasing 
exercise stress and by implication perhaps, the potential for greater muscle fatigue 
with further repetitions of the IIF.  
The exact mechanism controlling the regulation of exercise performance is not well 
elucidated (Shepherd 2012). One theory is that the brain construes afferent feedback 
originating from exercise and utilises this information to generate strategic decisions 
with regards to the regulation of work-rate and eventually to conclude exercise before 
homeostasis is interrupted (Lambert et al. 2005; Noakes et al. 2005; Noakes 2011). 
Further, perceived exertion has been defined as a psychological construct that refers 
to the interpretation of sensations originating from changes in physical function (Noble 
and Robertson 1996). Accordingly, psychological (i.e., prior experience, motivation) 
and physiological factors encompass perceived exertion (Noble and Robertson 1996). 
Gadow (1980) contends that individuals with knee OA develop a constant awareness 
of their knee, which he describes as a shift from ‘lived body’ to ‘object body’. This may 
cause a disproportionate over-awareness (MacKay et al. 2014). However, it is unclear 
if this condition-related hyper-awareness affects both knees and whether it may 
actually help or hinder a person’s ability to correctly judge exercise intensity.  
Perceived task duration was assessed in this study by asking participants ‘how many 
more sets might they be able to perform during the IIF’. This approach enabled people 
to take control over the task. Locus of control, a social-learning theory of personality, 
refers to the extent to which people feel they have control over occurrences that 
influence their lives (Rotter 1966). The level of belief a person holds over their ability 
to influence an outcome can predict engagement in specific behaviours (Kendell et 
al. 2001). A person’s perceptions of their exertion and effort are normally regulated to 
ensure that homeostasis is not adversely affected (Noakes et al. 2001; St Clair Gibson 
et al. 2006). It is possible that participants decided that they were unable to perform 
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increased set repetitions during the IIF to avoid potential disturbances to their 
physiological homeostasis. On average participants performed six and eight sets with 
the operated and control legs respectively prior to surgery, and seven and eight 
repetitions respectively 12 weeks after surgery.  
Participants in this study were verbally encouraged to continue the task until they felt 
they were unable to maintain their muscles working at an intensity to produce the 
target force (70 % of maximum) for an additional set. Despite this, participants may 
not have put themselves through a sufficient number of sets to willingly provoke 
physical exhaustion. Individuals suffering from knee OA tend to avoid strenuous 
physical activities to prevent pain (Pisters et al. 2014). Fear of provoking an increase 
in pain symptoms arising from further IIF participation and a resulting inability to 
perform planned daily activities may have influenced the participants’ performance in 
the present study. Although participants did not report any discomfort during the IIF, 
it is speculated that adaptive coping strategies to avoid physical exhaustion may have 
occurred, such as voluntarily concluding the IIF too early. 
The underlying intention of the IIF was to provoke fatigue. A subsequent ~11.9 % and 
~7.9 % reduction in PFV was observed during the baseline assessment and at 12 
weeks post-surgery. This result is comparable to the reduction in muscle strength 
following a similar IIF protocol (using 70 % daily PFV) reported by Shepherd et al. 
(2013) for recreationally active males (10 %). Although primarily an isometric task, it 
is argued that the IIF is ecologically valid as it encourages repeated sessions of 
exercise at a similar intensity to performance programmes used for this clinical 
population. Additionally, it is similar to the working load people were exposed to in the 
study of Shepherd et al. (2013). Further, the IIF provoked a significant reduction in 
performance despite the application of a between-set rest period of sufficient brevity 
(five seconds) to reduce the likelihood of muscle recovery as employed in previous 
knee extensor fatigue studies (Minshull et al. 2012a; Callewaert et al. 2013). However, 
in the current study only a small decline in muscle strength of the operated leg was 
observed. Submaximal muscle force is commonly required for routine activities of 
daily living (Enoka and Duchateau 2008) and it is speculated that the IIF may have 
failed to provoke a level of exhaustion greater than participants were normally 
exposed to. Interestingly, findings also indicate that participants did not perceive 




Normal muscle consists of two major fibre types, which have different histochemical 
staining patterns, twitch contraction times, and protection from fatigue (Fink et al. 
2007). In light of the present findings, it is possible that participants in this study 
preferentially recruited slower type I fibres, which are less susceptible to fatigue 
(Hamada et al. 2003; Fink et al. 2007) compared to faster type II fibres (Barclay 1996; 
Wretling et al. 1997), which are characterised by greater post-activation potentiation 
(Moore and Stull 1984; Hamada et al. 2000). Advancing age has a differential effect 
on muscle fibre composition, with older adults having a smaller proportion of faster 
type II fibres compared to young adults (Evans and Lexell 1995). Slower, oxidative, 
type I fibres appear to be less affected by this age-related transformation process 
(Evans and Lexell 1995). Morphological changes to the quadriceps muscle fibres are 
also present in people suffering from end-stage knee OA (Fink et al. 2007). The 
histochemical study by Fink et al. (2007) found preferential atrophy of fast-twitch type 
II fibres in the vastus medialis of the operated leg for all 78 participants. In comparison 
a much smaller proportion (32 %) also exhibited atrophy of the slow-twitch type I 
fibres. Similarly, Nakamura and Suzuki (1992) observed fibre type grouping and 
grouped atrophy of type II fibres in the vastus lateralis of patients with knee OA. 
Selective atrophy of type II fibres is believed to be due to pain-related disuse 
(Dubowitz 1985; Banker and Engel 2004), but there is a paucity of data regarding the 
differential effects of ageing and OA on muscle morphology. 
In this context, it was also noteworthy that operated leg had shown significantly inferior 
muscular activation characteristics (assessed by CAR) compared to the control leg 
both prior to (93.0 ± 7.0 % versus 96.4 ± 2.4 % and after surgery (95.4 ± 3.0 % versus 
96.9 ± 2.3 %, respectively (table 6.1), as this might suggest an interaction of age- and 
disease-related processes with autogenic and arthrogenic inhibitory responses 
associated with surgery. 
6.4.1 Study limitations  
Various factors must be considered with respect to generalising conclusions that may 
be drawn from this study. Firstly, although 26 people participated in assessments over 
the six-month peri-surgical monitoring period, only 12 people fulfilled the requirement 
of a successful IIF (three completed sets) and were subsequently included for the final 
analysis. The sample size was relatively modest, which reduced the statistical power 
and increased the risk of a type II error.  
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Although participants did not report any discomfort during the IIF, the fact that only 12 
people fulfilled the requirement of a successful IIF (three completed sets), may limit 
the feasibility of this task in people undergoing TKA. 
Secondly, people with bilateral knee OA were included in the current study, which 
may have complicated perceptual side-to-side (within participant) comparisons. 
However, study inclusion criteria were selected with the intention of trying to depict a 
realistic and clinically relevant representation of people undergoing TKA. 
Lastly although considerable effort was devoted to rigorously standardising the 
assessment procedure, it is possible that terminology and instructions used may have 
influenced the outcome of the study. 
6.4.2 Clinical implications and further research 
In light of the shift towards greater self-management of rehabilitation following TKA, it 
is important that people have an accurate sense of effort of their exercise performance 
and thus, apply appropriately dosed exercise to achieve optimal outcomes. This study 
is the first to contribute a valuable insight into how people undergoing knee 
replacement surgery perceive exercise exertion and task duration during an IIF. 
These data indicate that interchangeable use of perceived exertion (CR-10) and PTD 
is not advised in this patient sample undergoing TKA. Importantly, perceived exertion 
may not be an effective prognostic indicator of task duration.  
A similar study with a larger cohort is recommended to confirm the present results 
with regards to different patterns of changes of the CR-10 and PTD. Additional 
research is suggested to identify the capability of CR-10-derived perceived exertion 
and PTD in discriminating changes in work intensity in this clinical population. 
Pharmacological manipulation has been reported to influence muscle performance  
(Roelands and Meeusen 2010), however, the current study did not control for 
medications. Future research may wish to consider this variable.  
6.5 Conclusion  
The current study suggests that RPE (evaluated via the CR-10) and PTD indicate a 
differential pattern of change during an IIF for people undergoing TKA. Whereas the 
PTD increased linearly with exercise task duration, participant responses on the CR-
10 scale remained relatively stable. An IIF designed to fatigue muscle appears to 
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induce a reduction in knee extensor strength of both the operated and control legs. 
Findings also indicate a similar pattern of changes for the operated and control leg 
during the IIF when people awaiting TKA are listed for surgery (~12 weeks pre-
surgery) and at 12 weeks post-surgery. These data also indicate that for this sample 
of TKA recipients, the IIF had no substantive effect on other indices of neuromuscular 













Chapter 7: General Discussion 
7.1 Introduction 
Total knee arthroplasty (TKA) has a positive outcome on pain symptoms and 
improves perceived function and health-related quality of life (HRQoL). However, 
current research highlights the persistent deleterious effects of retained aberrant 
neuromuscular alterations on physical function. As outlined in the introduction and 
literature review chapter of this thesis, there is presently a lack of clarity regarding 
certain factors that potentially accelerate recovery following TKA, such as the role of 
pre-surgical interventions and waiting time prior to surgery. Peri-surgical changes in 
physical function have received limited attention, in particular the evaluation of 
physical and physiological performance capabilities. An increased understanding of 
pre-operative physiological impairments and functional limitations and how these 
parameters change in the period prior to surgery could assist in the optimisation of 
rehabilitation programmes and construction of effective pre-surgical exercise 
interventions. Additionally, enhanced understanding of whether divergent paradigms 
of self-perception of exertional stress (RPE and PTD) reflect task duration is 
important, in order to recommend a scale with which people may accurately calibrate 
their own perceived exercise performance and exertional capabilities to facilitate 
appropriate exercise dosage. 
For this purpose a clinical research project was performed which aimed to:  
 Identify differential patterns of change amongst patient-reported and 
objectively measured physical function, and neuromusculoskeletal capabilities 
of people undergoing TKA during the time period when listed for surgery (~12 
weeks pre-surgery) to 12 weeks post-surgery (Chapter 4 and 5). 
 Explore the robustness and preservation of relationships and patterning of 
changes over time (~12 weeks pre-surgery up to 12 weeks post-surgery) for 
patient-reported and objectively measured functional, and 
neuromusculoskeletal capabilities in TKA recipients (Chapter 4 and 5).  
 Investigate responsiveness and patterns of changes for outcomes of 
perceived exertion, perceived task duration (PTD) and neuromuscular 
performance obtained during an intermittent isometric fatigue task (IIF) 
(Chapter 6).  
  
192 
This general discussion will summarise, integrate and evaluate critically the main 
findings of the research in TKA recipients and will examine/debate their clinical 
implications for optimising physical function of this clinical population. This discussion 
will additionally consider limitations of the study. Finally, potential improvements that 
could be potentially applied to further investigations and recommendations for 
possible directions of future research will be addressed.  
7.2 What are the peri-surgical changes in patient-reported physical function? 
Patient-reported outcomes (PROs) are an essential part of healthcare that assists 
researchers and clinicians to evaluate the success of an intervention. There is 
currently a gap in the literature pertaining to comprehensive analysis of different 
assessment instruments at different time points in the lead up to, and immediately 
following TKA surgery. The objective of Chapter 4 was to examine peri-surgical 
changes in physical function using the most frequently employed PROs with the aim 
of identifying whether the selected PROs are all capable of identifying changes to a 
similar degree. 
The predominant findings of Chapter 4 were that commonly employed PROs (Knee 
injury and Osteoarthritis Outcome Score [KOOS], Oxford Knee Score [OKS] and 36-
Item Short Form Health Survey [SF-36]) selected for this research demonstrated 
similar patterns of peri-surgical change among people awaiting TKA over a six-month 
assessment period. Similar patterns of change were also observed for the 
Performance Profile (PP) and the International Physical Activity Questionnaire (IPAQ) 
(walking and sitting). As anticipated, changes in questionnaire scores at week 6 and 
12 post-surgery largely contributed to the overall improvement in self-reported 
physical function. Additionally, findings revealed that the KOOS (pain and activity of 
daily living [ADL] subscale), OKS and SF-36 (role emotional [RE] subscale) were able 
to capture significant changes from ~12 weeks pre-surgery to 3 weeks pre-surgery. 
Results presented in Chapter 4 support hypothesis 1 and reject the null hypothesis of 
no significant changes in selected self-reported outcome measures of physical 
function. 
Anticipated patterns of improvement in perceived physical function observed in the 
present study during the post-surgical period are in agreement with previously 
reported data (e.g., Bachmeier et al. 2001; Mizner et al. 2011; Stevens-Lapsley et al. 
2011; Hamilton et al. 2012; Vahtrik et al. 2012; Klit et al. 2014). The OKS and KOOS 
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ADL subscales exhibited the highest relative effect size (ES) and were closely 
followed by the remaining subscales of the KOOS, the SF-36 physical functioning 
(PF) and role physical subscale (RP), and PP (all scales d > 0.8) at 12 weeks post-
operative. All other SF-36 subscales demonstrated moderate responsiveness. 
Questionnaire responses at week six post-surgery generally indicated large perceived 
improvements. However, some subscales of the generic measurement SF-36 did not 
detect changes at this assessment point. Although the KOOS scores of our 
participants indicated improvement post-operative, they were still below values for 
age-matched healthy adults (on average 52 %) (Paradowski et al. 2006; Williamson 
et al. 2016), particularly the sport and recreation subscale. Notably, participant KOOS 
scores at 12 weeks post-surgery almost matched the functional status of people with 
mild to moderate osteoarthritis (OA) (Riecke et al. 2014), while scores for the SF-36 
subscales approached parity with healthy peers (Walters et al. 2001).  
Overall, the present sample of participants reported a high level of physical activity 
(PA) and greatly improved physical function at 12 weeks following knee replacement 
surgery. However, the degree to which TKA recipients may be assessed to have 
returned to a ‘normal’ level of function appears to be differentially influenced by the 
questionnaire used. Scores derived via the SF-36 at week 12 post-operative indicated 
a return to ‘normal’ while the condition specific OKS and KOOS clearly indicated there 
is room for further improvement if a level of functional status similar to that of 
asymptomatic peers is to be achieved.  
Interestingly, participants in the present study demonstrated small but significant 
improvements, in KOOS reported pain and the SF-36 RE at three weeks pre-surgery. 
In addition, pre-surgical improvements were observed in some aspects of self-
reported physical function such as the KOOS ADL subscale (d = -0.3) and the OKS 
(d = -0.4). These results appear to contrast with the general literature (Kapstad et al. 
2007; McHugh et al. 2008b; Desmeules et al. 2010), but are consistent with an earlier 
study published by Kelly et al. (2001), which found that prolonged waiting time had no 
adverse effect on self-reported pain and dysfunction. Nonetheless, there is clearly a 
large disparity in functional status between this clinical group and the general 
population, which is underlined by participant KOOS subscale scores in the present 
study (~12 weeks pre-surgery) that are just one third of those reported for 
asymptomatic adults of equivalent age (Paradowski et al. 2006; Williamson et al. 
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2016). Similarly, SF-36 scores for our sample indicated a pattern of consistently low 
values prior to surgery (Walters et al. 2001). 
Figure 7.1 summarises relative ES of the PROs demonstrating significant changes 
over the six-months assessment period. All values demonstrated negative ES 
indicating that better health was experienced.  
 
Figure 7.1 Relative ES of PROs 3 weeks pre-surgery, 6 weeks post-surgery and 
12 weeks post-surgery. Relative ESs at three weeks pre-surgery reflect change 
scores from baseline (~12 weeks pre-surgery) to three weeks pre-surgery and 
ESs at week 6 and 12 post-surgery reflect change scores from baseline to 6 and 
12 weeks post-surgery, respectively. Only those values demonstrating 
statistically significant changes across the six-month assessment period are 
presented. KOOS: Knee injury and Osteoarthritis Outcome Score (ADL: 
Activities of Daily Living; Sport/rec: Sport and recreational; QoL: Quality of 
Life); OKS: Oxford Knee Score; PP: Performance Profile; SF-36: 36-Item Short 
Form Health Survey (PF: Physical Functioning; RP: Role Physical; RE: Role 
Emotional; SF: Social Functioning; GH: General Health; MH: Mental Health; BP: 
Bodily Pain; VT: Energy/Vitality). Non-significant changes observed for 
outcome measurements such as the International Physical Activity 
Questionnaire, are not presented within this figure. 
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7.3 What are the peri-surgical changes in objective functional, neuromuscular 
and sensorimotor performance? 
Although PROs are viewed as an essential part of healthcare, there is a growing body 
of evidence highlighting the limitations of patient-reported instruments in capturing 
actual change in physical function following TKA (Quellet and Moffet 2002; Stratford 
et al. 2004; Stratford et al. 2006; Jacobs and Christensen 2009). Considerable 
impairment of physical function and aberrant neuromuscular alterations often persist 
following surgery intervention and the reason for this is unclear. Accordingly, there is 
a requirement to examine peri-surgical performance capabilities and 
neurophysiological changes of this clinical population in order to optimise the 
constituents and dosages for effective exercise conditioning interventions. The aim of 
Chapter 5 was to identify differential patterns of change in objective measures of 
physical function and neuromuscular and sensorimotor performance.  
The findings of Chapter 5 indicate that there is no significant interaction between the 
operated and control legs over a six-month peri-surgical assessment period for one 
aspect of physical function implicated in standing balance (postural stability). In 
contrast, statistically significant interactions were observed for the secondary 
outcomes including indices of neuromuscular performance such as PFV, RFD, RFR, 
A-EMD (vastus medialis) and R-EMD (vastus medialis). Further, measures of ROM 
(knee flexion) and knee circumference demonstrated significant interactions. No 
significant interactions were discovered for superimposition (CAR), sensorimotor 
performances, and thigh circumference and knee extension. However, significant 
main effects were revealed for CAR and R-EMD vastus lateralis. Expected differences 
between the operated and control legs at week 6 and 12 post-surgery provided the 
greatest contribution to the overall changes in the selected outcome measures. 
Volitional peak force was the only muscle performance index that demonstrated 
significant interaction from the point at which participants were listed for surgery to 
three weeks pre-surgery. Results presented in Chapter 5 support hypothesis 2 and 
reject the null hypothesis of no significant changes in selected physiological outcomes 
of physical function in people undergoing TKA. However, the null hypothesis 




Knee ROM (flexion), PFV, A-EMD (vastus medialis), RFD and knee circumference 
demonstrated the greatest relative ES (d ≥ 0.5) in the operated leg at six weeks post-
surgery. Knee ROM (flexion) at 12 weeks post-surgery still exhibited the greatest 
changes (d = 0.7) whereas modest changes were observed for R-EMD (vastus 
medialis), knee circumference and RFD. Indices of neuromuscular performance 
capabilities of the control leg demonstrated small and almost comparable levels of 
changes over the six-month assessment period, except for R-EMD (vastus medialis), 
which showed moderate ES at week 12 post-operative. Figure 7.2 summarises 
significant changes in physiological performance capabilities of the operated leg and 




Figure 7.2 Relative ES of physiological performance capabilities of the operated leg (left) and control leg (right) 3 weeks pre-
surgery, 6 weeks post-surgery and 12 weeks post-surgery. Relative ESs at three weeks pre-surgery reflect change scores from 
baseline (~12 weeks pre-surgery) to three weeks pre-surgery and ESs at week 6 and 12 post-surgery reflect change scores from 
baseline to 6 and 12 weeks post-surgery, respectively. Only those values demonstrating statistically significant changes across 
the six-month assessment period are presented (most of these significant changes reflect leg by time interaction). PFV: Volitional 
Peak Force; RFR: Rate of Force Relaxation; RFD: Rate of Force Development; A-EMD: Electromechanical Delay Activation; R-
EMD: Electromechanical Delay Relaxation; ROM: Range of Movement. * Indicates negative ES.  
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Alterations identified for ROM (flexion) were comparable to previous published 
literature, which showed that the greatest improvement in knee ROM occurs during 
the first 12 weeks following surgery (Stratford et al. 2010). Notably, average 
participant knee flexion pre-surgery was not only 21.5 % below that of healthy adults, 
but also less than data previously reported for people undergoing TKA (Bade et al. 
2010; Cho and Hwang 2013). Interestingly, average knee flexion for the control leg in 
the present study was also reduced, with values comparable to those for the operated 
leg in the study of Bade et al. (2010). Hamilton et al. (2012) reported slightly lower 
pre-operative knee flexion however, six weeks after surgery average knee flexion of 
their participants was marginally higher than that observed in this study. Average knee 
circumference of participants in the current study was similar to that reported for 
people undergoing TKA by Holm et al. (2010), however, the observed change in knee 
size was smaller than those within the cited study.  
Anticipated changes in physiological performance capabilities such as PFV, were 
observed at both post-operative assessment time points with muscle strength 
showing the greatest deficits at week six after surgery. It is well established that 
surgery adversely impacts muscle strength and the decline in quadriceps force 
observed for the operated leg in the present study is in agreement with the general 
literature. However, muscle weakness was still apparent at week 12 with a level of 
impairment similar to that observed prior to surgery. Moreover, functional 
performance capability remained lower compared to values reported for healthy 
adults in previous studies (Stevens et al. 2001; Bade et al. 2010). Interestingly in the 
current study, additional excitation of motorneurons of the quadriceps muscle did not 
reveal any significant interactions suggesting that almost all (95 %) muscle motor units 
were recruited. This result is in agreement with the study by Lewek et al. (2004), which 
found no difference in the mean CAR values between people suffering from knee OA 
(93 %) and asymptomatic adults (96 %). In contrast, studies employing electrical 
stimulation to evaluate the CAR instead of magnetic stimulation (as used in the 
present study) have reported a difference in outcome values (Mizner et al. 2003; 
Stevens et al. 2003; Petterson et al. 2008). However several previous studies, which 
used the interpolated twitch technique to apply the electrical stimulation (Berth et al. 
2007; Gapeyeva et al. 2007; Vahtrik et al. 2012) reported similar results to those 
observed in this study. Electrical stimulation can cause discomfort and is believed to 
cause questionable results due to participant apprehension regarding exertion of 
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maximal force while at the same time expecting a painful stimulus (Button and Behm 
2008). However, an important consideration when interpreting the CAR results is that 
muscle inhibition often occurs bilaterally following unilateral knee arthroplasty 
(Machner et al. 2002). Although muscle inhibition in the contra-lateral leg is normally 
less severe than that associated with the operated knee, caution is required when 
quantifying quadriceps weakness by comparing the operated to the control leg (Rice 
and McNair 2010). 
Previous studies have determined that quadriceps strength deficit is largely mediated 
by neuromuscular activation failure (Stevens et al. 2003; Mizner et al. 2005a) and to 
a smaller degree by muscle atrophy (Mizner et al. 2005a). However, findings of the 
current study appear to challenge this view and suggest that muscle atrophy may play 
a more prominent role than previously assumed. Similarly, a recent study by Petterson 
et al. (2011) reported that both voluntary muscle activation and cross sectional area 
(CSA) contribute equally to the variance in quadriceps muscle strength four weeks 
following TKA. Moreover, the authors reported that CSA was more important at 12 
weeks post-surgery, explaining 44 % of the variance compared to 29 % for voluntary 
muscle activation.  
In addition to changes in muscle peak force, participants demonstrated significant leg 
by test occasion interactions with respect to muscle force-generation and relaxation 
capacity post-operatively, particularly at week six post-surgery. The results for RFD 
presented are consistent to those of Vahtrik et al. (2012). Further, although the 
operated and control leg demonstrated significant differences post-surgery, the 
greater side-to-side asymmetry (operated versus control leg) in RFD compared to 
muscle peak force reported by Maffiuletti et al. (2010) six months following TKA, were 
not found. It is possible that the discrepancy in findings between this study and 
Maffiuletti et al. (2010) may be due to the different assessment methods employed. 
The current study calculated RFD based on the average rate of force increase 
between 25 % to 75 % peak force whereas Maffiuletti et al. (2010) evaluated RFD 
between 0 and 200 milliseconds. Further, their cohort was comprised only of people 
with a unilateral primary TKA, who had an asymptomatic contra-lateral leg and were 
able to walk without aids, while the current study was more inclusive, and did not 
specify these as selection criteria. Nevertheless, it is speculated that the rate at which 
motor neurons discharge action potentials may have been suboptimal resulting in 
lower RFD compared to the control leg post-surgery. Additionally, the influence of 
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other potential contributors such as muscle atrophy (Mizner et al. 2005a) and stiffness 
of the tendon-aponeurosis complex (Bojsen-Moller et al. 2005), cannot be excluded.  
The reduced relaxation speed six weeks following TKA observed is consistent with 
the results of Gapeyeva et al. (2007) who also observed delayed muscle relaxation 
six months following TKA compared to pre-operative values. This impairment may be 
mediated in part by disordered intermuscular coordination and/or changes in muscle 
contractile properties. In contrast, Vahtrik et al. (2012) reported no changes in the 
capacity for rapid muscle relaxation in a sample of women at three and six month’s 
post-surgery. Conflicting findings may be due to the cited studies assessing RFR as 
the half-relaxation time, whereas the current study calculated RFR based on the 
average rate of force decrease between 75 % to 25 % peak force. However, review 
of the literature reveals a lack of uniformity in methods utilised to derive RFD and 
RFR, and there is currently no consensus regarding how these outcomes should be 
calculated. 
A novel aspect of this study was the evaluation of electromechanical delay (EMD) in 
people undergoing TKA. In the current study, significant leg by test occasion 
interaction for the A-EMD and R-EMD of the vastus medialis were observed, whereas 
vastus lateralis showed no such interaction. Changes at week six contributed most to 
the overall significant leg by test occasion interaction of A-EMD, whereas changes at 
week 12 were more influential for the R-EMD. Lower A-EMD values have been 
observed for healthy adults compared to this clinical cohort (Minshull et al. 2011; 
Shepherd et al. 2013; Hannah et al. 2014). Previous research has demonstrated that 
greater knee flexion angle can reduce EMD of the quadriceps (vastus lateralis) by 
increasing stretch on the muscle structures causing a stiffer system (Minshull et al. 
2011). However, EMD values in this thesis, which were measured at a 45 ° joint flexion 
angle, were still higher compared to results obtained at 90 ° knee flexion by Vos et al. 
(1990). Notably, post-operative A-EMD values in the current study are similar to those 
observed for individuals with anterior cruciate ligament tears prior to (Bailey et al. 
2014) and following reconstructive surgery (Kaneko et al. 2002). Electromechanical 
delay relaxation values were comparable to those for healthy volunteers in the study 
by Ferris-Hood et al. (1996). A novel finding arising from the present study was that 
the control leg improved in its ability to suddenly and effectively relax the contracting 
muscle 12 weeks post-surgery. The reduced R-EMD (vastus medialis) value may 
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indicate an increased level of activity of the operated leg and a lower demand of the 
control leg to act as the dominant leg with protective responses. 
Further, although previous research has indicated that pre-surgical waiting time has 
no effect on isometric knee extension (Vuorenmaa et al. 2008), results of the present 
study indicate that participants experienced a moderate decline (d = 0.3) of 10.3 % in 
quadriceps strength on the non-operated leg while awaiting knee joint replacement 
surgery, whereas the strength of the operated leg remained unchanged. It is 
speculated that the small decrease in force of the non-operated leg prior to surgery 
may be due to a reduction in general PA levels, which was not detected due to 
potential limitations of the IPAQ. 
Generally, almost all included indices of neuromuscular performances demonstrated 
wide standard deviations (SD) indicating a greater inter-individual heterogeneity. One 
of the reasons for the greater variability may be the inconsistency of muscle fibre type 
composition between the participants. Vastus lateralis, vastus medialis and vastus 
intermedius are comprised of approximately 50 % slow twitch type I fibres (Johnson 
et al. 1973; Taylor et al. 1997; Luden et al. 2008), however, the percentage of type II 
in the vastus lateralis can range between 25 % and 80 % (Andersen 2001). 
Furthermore, morphological changes to the quadriceps muscle fibres are present in 
people suffering from end-stage knee OA with preferential atrophy of fast-twitch type 
II fibres (Fink et al. 2007). Type II fibres have been considered a contributing factor in 
RFD as these fibres have a greater ability to release Ca2+ per action potential (Baylor 
and Hollingworth 1988), level of myosin, troponin and tropomyosin isoforms 
(Schiaffino and Reggiani 1996) and accordingly have quicker cross-bridge cycling 
rates (Bottinelli et al. 1996). Nevertheless, the research by Maffiuletti et al. (2016) 
highlights that a high proportion of variance in voluntary RFD is still unexplained.  
Postural stability of participants remained unchanged throughout the study period, a 
result that was not anticipated. Few studies have focused on postural stability but 
researchers evaluating this outcome at one to two weeks post-TKA have reported 
significant reductions in total single limb postural sway (Cho and Hwang 2013) and 
double limb postural stability (Stan et al. 2013). However, a smaller study involving 14 
women with a similar follow-up period to the present study found centre of pressure 
(COP) sway displacement (both anterior/posterior [AP] and medial/lateral [ML]) of the 
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operated and control leg did not change significantly from pre- to three months post-
surgery (Vahtrik et al. 2014).  
It is plausible that postural stability may deteriorate immediately post-surgery but then 
quickly recovers comparable to pre-surgical levels. Accordingly, it is speculated that 
changes in postural stability, which may have occurred immediately following surgery 
were not captured and had recovered by week six post-surgery. This theory is 
supported by the work of Gauchard et al. (2010), which identified that postural deficits 
observed 17 to 20 days after surgery were ameliorated by the development of postural 
sensorimotor strategies (compensation involving ankle and hip joints), and 
progressive functional restoration similar to age-matched controls by days 34 to 41. 
Additionally, reduced analysis sensitivity due to the size of our cohort, may explain 
the lack of variation in postural stability throughout the monitoring period. Although 
this was an exploratory study, a sample size of 30 people undergoing TKA was 
calculated to be sufficient to enable adequate experimental design sensitivity. 
However, the number of participants included for final analyses was 26, which may 
not have endowed adequate statistical power to describe changes in postural stability.  
7.4 What does this mean clinically for the individual?  
A group based study design was chosen for this research project, accordingly the 
ability to infer these results at an individual level is limited and should be analysed 
with caution. Although the present study observed a statistically significant alteration 
in self-reported physical function, this may have not reached a clinically meaningful 
level for every individual. Statistically significant results do not necessarily 
demonstrate clinical importance (Copay et al. 2007; Kane 2008), which may be more 
relevant (Wright 2003). Interpretation of research in terms of what is clinically 
meaningful (patient safety and efficacy) is essential for clinical decision-making 
(Jacobson and Truax 1991; Page 2014), and is inferred by several terms including: 
‘minimal clinical important differences (MCID)’, ‘clinically meaningful differences 
(CMD)’, and ‘minimally important changes (MIC)’ (Page 2014). Generally, each of 
these descriptions refer to the smallest change in an outcome score that is considered 
‘important’ or perceived as beneficial to people (Copay et al. 2007; Beard et al. 2015). 
To date, clinically meaningful values have not been defined for all of the selected 
assessment instruments described, but they may at least have a value for the 
minimum detectable change (MDC). The MDC can provide an indication of whether 
the change in scores can be considered higher than the measurement error that is 
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provided with a 95 % level of confidence (Beaton 2000) and therefore, provides a 
robust alternative for interpreting change in clinical practice (Naylor et al. 2009).  
As mentioned in Chapter 2 ‘Literature Review’, the following MIC values are 
recommended for the KOOS: pain 16.7, symptoms 10.7, ADL 18.4, sport and 
recreation 12.5 and quality of life (QoL) 15.6 (Monticone et al. 2013). Participant 
scores post-surgery exceeded the aforementioned thresholds indicating that the 
smallest change in score of the constructs being measured, which people perceive to 
be important, were achieved. No such change in scores was observed three weeks 
prior to the operation. Ten-point changes in KOOS score (out of 100), which are 
recommended as clinically important in PROs (Ehrich et al. 2000; Roos and Toksvig-
Larsen 2003) and a suggested MDC of 8 to 10 points (Roos and Toksvig-Larsen 2003; 
Paradowski et al. 2006) were only achieved after participants experienced surgery. 
Accordingly, any conclusions inferred with respect to reported score changes below 
these established values should be viewed cautiously as the instrument is unable to 
discriminate between real changes and measurement error. It is critical to highlight 
that the aforementioned changes in KOOS scores were elicited following surgery or 
post-operative rehabilitation and somewhat smaller values may be expected prior to 
surgery due to the absence of an intervention. However, when comparing the present 
data with the MDC9022 (> 17.2) and MDC9523 values (> 20.2) for people with knee OA 
awaiting TKA (Naylor et al. 2009), participant delta values were still below these 
thresholds three weeks prior to surgery.  
As with the KOOS, changes in participant OKS scores exceeded the recommended 
MIC (approximately nine units) and MDC90 (four units) (Harris et al. 2013; Beard et al. 
2015) at both post-operative assessment time points, but not prior to TKA. When 
comparing the SF-36 results with the recommended MDC values (> 19.50) (Escobar 
et al. 2007; Busija et al. 2008), it is noticeable that at all measurement points the 
change in participants’ subscale scores was not sufficient to overcome the instrument 
measurement error. However, this could potentially be because the SF-36 MDC 
values established by Escobar et al. (2007) and Busija et al. (2008) were calculated 
from cohorts at six months post-surgery, while data in this study were collected before 
and only up to three months following TKA. Therefore, it may not be reasonable to 
                                               
22 90: 90% confidence interval 
23 95: 95% confidence interval 
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expect this cohort to perceive a similar level of functional change with the SF-36. 
Significant differences in IPAQ derived sitting time were observed. However, the 
change in self-reported sitting did not exceed the recommended MDC95 of 335 
minutes per week recommended for people one-year post-TKA (Blikman et al. 2013). 
Minimal important change or MDC values have not yet been defined for the PP. 
However, in terms of clinical utility the PP has comparable introduction and elicitation 
time (6 to 13 minutes [Yates 2015]) to traditional employed PROs (KOOS: 10 to 15 
minutes [Dowsey and Choong 2013]; SF-36: average eight minutes [Hayes et al. 
1995]). An advantage of the PP over frequently utilised PROs is that it that it is not 
merely an assessment instrument, but an outcome measure intended to support 
condition management. Further, the ease of interpretation and visual representation 
of people’s self-perceived needs may facilitate a more structured patient-focused 
approach to care. 
With regards to the objective measures, MIC or MDC values for the TKA population 
have not been defined for every outcome. However, in terms of postural stability the 
following MDC95 for the COP variables are recommended for people with knee 
osteoarthritis (OA): medial/lateral (ML) SD 0.27, anterior/posterior (AP) SD 0.47, COP 
velocity 0.33 (Takacs et al. 2014). Participants in the present study exceeded the 
suggested COP velocity values over the six-month assessment period, whereas only 
three quarters of the cohort exceeded the suggested ML values and only half of the 
participants the AP thresholds.  
7.5 What are the pattern of change for outcomes of perceived exertion, 
perceived task duration and neuromuscular performance when assessed 
during an intermittent isometric fatigue task? 
The shift away from supervised rehabilitation towards greater self-management 
requires that people are able to accurately self-monitor their exercise performance 
and exertion and therefore, apply appropriately dosed exercise to achieve optimal 
outcomes. An extended period of sub-optimal exercise may result in insufficient 
physiological stress to restore knee function and recovery to a level of PA similar to 
asymptomatic peers. It is presently unclear whether measures of exercise self-
perception of exertional stress (CR-10 and PTD) demonstrate a similar pattern of 
change in a clinical population such as TKA, and may be recommended as a scale 
for regulating exercise performance during resistance training. Therefore, Chapter 6 
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investigated responsiveness and patterns of changes for outcomes of perceived 
exertion, perceived task duration and neuromuscular performance obtained during an 
IIF. The aim was to enhance the understanding of whether people are able to 
accurately calibrate self-perceived exercise performance capability and perceptions 
of exertional stress. Further, this thesis focused to identify whether perceived exertion 
offers a precise reflection of task duration.  
Findings of Chapter 6 indicate that pre- and post-surgery responses of the operated 
and control leg were statistically similar. However, while the PTD increased linearly 
with the number of set repetitions, participants’ RPE responses (evaluated via the CR-
10) remained almost unchanged from a clinical stand point. Findings also indicated 
that as anticipated, the IIF was able to provoke similar patterns of modest levels of 
fatigue, defined as a reduction in muscle strength (Enoka and Duchateau 2008), in 
both legs, at the time when participants were listed for their surgery (~11.4 % 
reduction in PFV; ~12 weeks pre-surgery) but slightly less so after surgery (~7.9 %; 
12 weeks post-surgery). With the exception of subtle changes to CAR and R-EMD, 
the IIF had not substantively influenced other indices of neuromuscular performance 
(RFD, RFR, A-EMD, R-EMD and CAR) of the knee extensors in either leg, or 
differentially prior to and after surgery. Results presented in Chapter 6 support 
hypothesis 3 and reject the null hypothesis of no congruent patterns of change 
amongst outcomes of perceived exertion, perceived task duration and neuromuscular 
performance during an IIF. 
The Borg Category-Ratio Scale (CR-10) was selected as it provides a robust rating of 
perceived exertion (RPE) (Pincivero et al. 2010), as well as indicating discomfort in 
part of the body or muscles (Buckley and Eston 2007), and it has been employed 
previously for pacing and exercise regulation (Albertus et al. 2005; Joseph et al. 2008; 
Swart et al. 2009). The results regarding differential patterns of change for the CR-10 
differs from previous reported results describing a linear pattern between perceived 
exertion and task duration (Horstman et al. 1979; Eston et al. 2007; Crewe et al. 2008; 
Shepherd et al. 2013). What the findings in the current study appear to suggest is that 
the included measures of self-perception of exertional stress (CR-10 and PTD) may 
not be used interchangeably to predict cessation of exercise for people undergoing 
TKA. This supports more recent literature by Swart et al. (2012), which contends that 
sensations of effort required for the continuation of performance during an exercise 
task can be segregated from perceptions of exertion elicited by the task. Further in 
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the current study, participants’ RPE responses remain relatively stable (~15 % range 
[~ 3 to 4.5 units] compared to full scale score, 100 %), with a peak perception of 
exertional stress occurring in the middle of the task progression. This pattern of 
response may have been expected following an IIF at a fixed intensity, 
notwithstanding the potential for small cardiovascular drift effects. However, it is 
notable but unexplained, why the perceived level of CR-10 (~ 3 to 4.5 units) appears 
to be poorly calibrated against the imposed exercise stress within the IIF (70 % of 
PFV), appearing to overestimate the patient’s perception of capability given that 
ultimately, there had been a voluntary cessation of the task. 
The underlying intention of the IIF was to provoke fatigue. A subsequent ~11.9 % and 
~7.9 % reduction in PFV was observed during the baseline assessment and at 12 
weeks post-surgery. This result is comparable to the reduction in muscle strength 
following a similar IIF protocol (using 70 % daily PFV) reported by Shepherd et al. 
(2013) for recreationally active males (10 %). Although primarily an isometric task, it 
is argued that the IIF is ecologically valid as it encourages repeated sessions of 
exercise at a similar intensity to performance programmes used for this clinical 
population.  
In this context, it was also noteworthy that the operated leg had shown significantly 
inferior muscular activation characteristics (assessed by CAR) compared to the 
control leg both prior to (93.0 ± 7.0 % versus 96.4 ± 2.4 % and after surgery (95.4 ± 
3.0 % versus 96.9 ± 2.3 %, respectively, as this might suggest an interaction of age- 
and disease-related processes with autogenic and arthrogenic inhibitory responses 
associated with surgery. 
7.6 What pre-surgical interventions may potentially be beneficial?  
The systematic review with meta-analysis in Chapter 2 ‘Literature Review’ – section 
2.2 highlights the scarcity of robust dose-response evidence to guide the formulation 
of TKA prehabilitation despite its potential efficacy with respect to physical function 
outcomes. Further, the review concludes that lack of evidence from the literature 
about prehabilitation ‘composition’, tolerance by patients, individually-optimised 
dosing, potency of physiological stress-related stimulus and responsiveness, 
contrives to condemn these aspirations currently to the status of ‘conceptually 
plausible’ but as yet ‘untested’. The present study should provide further impetus for 
future research concerning pre-surgical interventions, despite a comprehensive 
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answer to all of these important questions surrounding TKA prehabilitation being 
beyond the scope of this thesis.  
These data indicate that ROM showed the largest significant decline during the six-
month monitoring period, and it is speculated that a prehabilitation programme 
incorporating flexibility may ameliorate post-operative ROM limitations. The research 
of Matassi et al. (2014), which was excluded from the systematic review (Chapter 2 – 
section 2.2) due to insufficient detail regarding the intervention found that a home-
based prehabilitation programme focusing on quadriceps and hamstring flexibility, 
with some strengthening and dynamic stepping exercises resulted in participants 
achieving 90 ° knee flexion sooner after their operation and accelerated hospital 
discharge compared to controls. Nevertheless, prolonged beneficial effects on knee 
ROM and physical function assessed via the Knee Society Clinical Rating System 
between six weeks and one year post-surgery, were not found (Matassi et al. 2014). 
Taken together, with research indicating that quadriceps strength of both the operated 
and control leg is strongly related to functional outcomes when compared to knee 
ROM (flexion) or pain (Mizner et al. 2005b; Yoshida et al. 2008), it is suggested that 
flexibility may not be the only or most essential component of a prehabilitation 
programme.  
Volitional peak force and A-EMD of the vastus medialis exhibited the next largest 
clinically significant changes after ROM in the present study. Resistance training is a 
mode of exercise that has been frequently applied in healthy and clinical populations 
to successfully expedite improvements in muscle strength (Steib et al. 2010; Skoffer 
et al. 2015). Resistance training can induce neural adaptations that include increased 
neural drive to the muscle, addition of synchronisation of the motor units and inhibition 
of the protective mechanism of the Golgi tendon organs (Fleck and Kraemer 1987; 
Gabriel et al. 2006; Plowman and Smith 2014). Enhanced neural drive suggests that 
better muscle activation can occur due to the greater number of motor units recruited 
(Plowman and Smith 2014). Resistance-trained individuals exhibit greater interactions 
between the timing of action potentials of jointly active motor units and improved 
intermuscular coordination of agonist, antagonists, and synergists, thereby facilitating 
greater force production (Plowman and Smith 2014).  
Results of the meta-analysis (Chapter 2 ‘Literature Review’ – section 2.2) revealed 
that compared to controls, prehabilitative exercise involving resistance training offered 
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no additional gains in isometric quadriceps muscle strength at 6 and 12 weeks post 
TKA. However, since initiation of the present research project, additional randomised 
control studies evaluating prehabilitative resistance training in the TKA population 
have been published. These studies concur that individuals participating in pre-
surgical resistance training demonstrate superior post-surgical isometric muscle 
strength and physical performance outcomes (timed up and go test, stair climbing test 
and 30 second chair stand test) compared to controls (Calatayud et al. 2016; Skoffer 
et al. 2016). Although these two studies agree prehabilitative resistance training is 
beneficial, there is some variation in the results. Skoffer et al. (2016) reported 
significant outcome improvements at all post-operative assessment points (up to 12 
weeks), while Calatayud et al. (2016) did not find any immediate change (one month) 
post-surgery. While Calatayud et al. (2016) reported improvements in ROM, Skoffer 
et al. (2016) did not report similar significant changes. Skoffer et al. (2016) and 
Calatayud et al. (2016) detailed the applied physiological stress (i.e., mode, 
frequency, intensity and duration) of their respective four and eight week pre-
operative exercise programmes. However, a lack of explicit information regarding 
verification of exercise volume hinders the delineation of a possible dose-response 
relationship. Additionally, it is not clear whether the aforementioned studies trained 
both legs, the operated and control limbs. These are important considerations, which 
warrant further attention in future studies provided the observation of the present 
study that the control leg experienced a small but clinically significant deterioration in 
muscle strength while awaiting TKA. These changes may be small for a group-based 
design and might not necessarily be identified by assessing the individual due to 
measurement error limits. However, the group-based results still remain important 
indicators foreshadowing negative trends and at the very least considered a subtle, 
pre-clinical marker of deterioration. Unilateral strength training can induce a strength 
improvement of approximately 8 % in the contra-lateral limb (Carroll et al. 2006). 
However, training only the operated leg may not elicit sufficient strength 
improvements in the non-operated leg to fully ameliorate the 10.3 % decline observed 
in the present study. Therefore, it is plausible that incorporating a bilateral approach 
to prehabilitative resistance training may have some merit.  
Interestingly, relative ES changes of the A-EMD of the vastus medialis were 
equivalent to changes in PFV six weeks post-surgery. It is suggested that strength 
training should place increased emphasis on the vastus medialis to address this 
preferential decline in muscle function. The vastus medialis works in cooperation with 
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additional structures of the quadriceps muscle group (Grob et al. 2016) as the knee 
extensor apparatus when joint movement is required (Drake et al. 2015). There is a 
large body of evidence supporting the importance of the vastus medialis as the medial 
stabiliser of the knee joint (Speakman and Weisberg 1977; Nozic et al. 1997; Toumi 
et al. 2007; Smith et al. 2009; Hyong and Kang 2013). However there is some debate 
from researchers who contend, that the anatomical position of the vastus medialis 
and orientation of its muscle fibres, results in reduced direct force transmission and 
diminishes its position as a strong medial stabiliser (Lieb and Perry 1968; Malone et 
al. 2002; Peeler et al. 2005). However, loss of knee extension, surgery or joint effusion 
can lead to vastus medialis atrophy (Grob et al. 2017).  
Electromyography (EMG) studies demonstrate that all components of the quadriceps 
are responsible for full knee extension (Lieb and Perry 1968; Speakman and 
Weisberg 1977). This is supported by a recent cadaver study that observed the vastus 
medialis is active throughout knee ROM from 0 ° to 90 ° of flexion (Grob et al. 2017). 
However, almost twice as much force is required by the quadriceps muscle to produce 
end range knee extension in comparison with extending the joint just to 15 ° flexion 
(Lieb and Perry 1968). This observation underlines the importance of the vastus 
medialis at end range extension where this muscle component creates a ‘shortening 
and pre-straining mechanism’, which is necessary for a sufficiently powerful knee 
extension (Grob et al. 2017). Furthermore, the vastus medialis interacts with the 
vastus intermedius and is an important contributor to the length adjustment 
mechanism throughout knee ROM (Grob et al. 2017). Accordingly, any dysfunction of 
the vastus medialis is likely to directly affect full knee ROM. Provided that results in 
the present study show significant changes in A-EMD (vastus medialis) at only six 
weeks post-surgery, it is plausible that the medial parapatellar surgical approach 
and/or joint effusion may have led to the significant changes in this part of the 
quadriceps. Nevertheless, it is speculative whether a pre-intervention programme 
focusing on reducing the time delay between the onset of EMG and the onset of force 
is able to reduce post-operative changes in muscle EMD. The recent study by Peer 
and Gleeson (2016) indicates that EMD performance can be improved following a 
short-term sensorimotor conditioning programme (three weeks of dynamic balance 
conditioning and functional movement on unstable surfaces) (5.9 % reduction in 
activation delay). Improvements in volitional EMD may suggest subtle, but important, 
conditioning-related differences in the adaptation of patterning of motor unit 
recruitment (Minshull et al. 2007). It is plausible that equivalent or greater 
  
210 
improvements may be elicited in people recovering from surgery. However, Peer and 
Gleesons’ (2016) brief conditioning programme did not influence PFV.  
Moderate and small changes were observed in RFD at 6 and 12 weeks post-surgery 
respectively, in the present study. This finding is useful because there is evidence that 
resistance training potentially leads to neural adaptations and improved intermuscular 
coordination. Additionally, resistance training could lead to increased tendon stiffness, 
which could improve the rapid application of force (Folland and Williams 2007). In 
particular, heavy-resistance strength training, as well as explosive-type strength 
training seems to have a powerful effect on RFD (Maffiuletti et al. 2016). Explosive-
type exercises and/or ballistic training may be more preferable due to discharge rates 
being two to three times higher (Desmedt and Godaux 1977; Van Cutsem et al. 1998). 
A six-week unilateral fast-velocity isokinetic resistance training has been shown to 
improve the RFD of healthy adults (De Oliveira et al. 2013). Similarly, eight weeks of 
ballistic resistance exercises combined with normal resistance training enhanced 
RFD by an average of 49 % in a sample of 14 healthy male subjects (Winchester et 
al. 2008).  
To date, explosive-type exercises and/or ballistic trainings have not been performed 
in people with knee OA undergoing TKA. It is speculated that an appropriately dosed 
resistance training programme focusing on the rapid production of muscle force (i.e., 
explosive-type exercises and/or ballistic training) and incorporating flexibility 
exercises may be able to successfully ameliorate deleterious peri-surgical changes in 
ROM and neuromuscular performance capabilities of people undergoing knee joint 
replacement. A recent study demonstrated that progressive explosive-type resistance 
training is feasible for people awaiting hip replacement surgery with excellent 
adherence (93 %) and acceptable exercise related pain (Hermann et al. 2016). 
7.7 Study limitations 
The strength of this study is its evaluation of self-reported physical function and 
objective functional, neuromuscular and sensorimotor performance capabilities over 
four assessment points, which provides a comprehensive description of peri-surgical 
changes in physiological impairment and functional status of people awaiting knee 
arthroplasty. Additionally, this is the first study to examine responsiveness and 
patterns of change for outcomes of perceived exertion (CR-10 and PTD) and 
neuromuscular performance during an IIF. 
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This research project considered inclusion of other commonly used clinical 
measurements such as the timed up and go, stair climb test and dynamic, isokinetic-
type measures of strength. However, it was not feasible to include these measures 
due to logistical constraints. 
Several factors must be considered with respect to the conclusions that can be 
perceived from this study. Firstly, the limited sample size of this study may increase 
the risk of a type II error. Secondly, participants were recruited at a specialist 
orthopaedic NHS hospital, which may reduce generalisability of the results. Blinded 
assessment of participants was not feasible due to funding and resource limitations 
of an educational project. Consequently, it is possible that the recording of some 
outcomes may have been influenced by observer bias.  
People with bilateral knee OA were included in the current study, which may 
complicate side-to-side (within participant) comparisons. However, study inclusion 
criteria were selected on the basis of presenting a realistic clinical audit of people 
undergoing TKA.  
Lastly, although considerable effort was focused to rigorously standardising the 
assessment procedure, it is possible that terminology and instructions employed may 
have influenced the outcome of the study.  
7.8 Clinical implications and further research 
This study increased the current knowledge base by providing the most 
comprehensive evaluation of peri-surgical physical function in a TKA population using 
self-reported outcomes and indices of neuromuscular and sensorimotor performance. 
Findings presented throughout regarding functional impairments will better inform 
future studies on exercise interventions for people undergoing TKA and should guide 
the selection of outcome measurements. Selected PROs for this thesis are still the 
most frequently recommended instruments (Graff et al. 2016). In particular, the OKS 
is the assessment method of choice for the national joint registries of not only 
England, Wales, Northern Ireland and the Isle of Man but also in New Zealand and 
Sweden (Graff et al. 2016). However, differential patterns of change in self-perceived 
and objective measures of physical function for people undergoing TKA presented 
within this thesis highlight the challenges faced by researchers when trying to select 
a measurement instrument. This research supports the general literature, which 
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recommends PROs and objective measures of physical function for a comprehensive 
assessment in people undergoing TKA (i.e., Stratford et al. 2004; Stratford et al. 2006; 
Jacobs and Christensen 2009; Mizner et al. 2011; Graff et al. 2016). Further, the 
observed disassociated changes between physical performance (postural stability) 
and physiological performance (neuromuscular measurements) outcome measures, 
appears to challenge the link between physiological changes and an aspect of 
physical function in this clinical population. 
Patient-generated data represents an integral part of the acquisition of a person’s 
health status. The KOOS and OKS were the only instruments that were able to detect 
alterations in self-reported physical function at all four measurement points during the 
monitoring period. Greater responsiveness (relative ES) of the KOOS and OKS over 
the other instruments selected for this study as well as their ability to show persisting 
disparities in functional status (with asymptomatic peers) recommends their preferred 
use. 
Importantly, the lack of uniformity of outcome measures potentially hinders future 
comparisons and synthesis of studies. Pooling of results from disparate datasets is a 
complex challenge faced by investigators attempting to undertake meta-analytical 
reviews to inform and guide healthcare. Standardised assessment of functional status 
by adopting either the KOOS or OKS and objective assessments (physical and 
physiological performance) would assist researchers seeking to use the statistical 
leverage of big data to answer important research questions in the future. 
This is the first research to explore the novel application of the PP as an indicator of 
functional status in a TKA population. Provided that the PP has demonstrated 
sensitivity to change in this sample of TKA recipients, future research should focus on 
further exploring clinical utility of this ‘person-focused’ outcome. Additionally, it would 
be advantageous if further research were to evaluate other clinimetric and 
psychometric measurement capabilities (reliability, validity, MIC, MDC) of the PP to 
substantiate the utilisation of this outcome instrument within clinical practice.  
Additionally this study is the first to evaluate EMD of people undergoing TKA, an 
outcome that was observed to deteriorate immediately after surgery. Importantly, this 
physiological outcome may influence falls risk and therefore, additional research is to 
establish its clinical utility in this clinical population is warranted.  
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The assessment of physical function from the time of participants’ orthopaedic 
consultation (~12 weeks pre-surgery) to 12 weeks post-surgery was the focus of this 
study. Further research is recommended to evaluate patient functional status and 
performance across a greater duration prior to surgery, for example from when 
patients consult their general practitioner for an orthopaedic referral to the time of 
surgery. Longer-term changes in physical function (up to one year) following TKA 
were beyond the scope of this study, and a longer post-operative programme of 
monitoring physical function up to and even beyond one year may help delineate the 
extent to which post-operative improvements continue.  
In light of the shift towards greater self-management of rehabilitation following TKA, it 
is important that people have an accurate sense of effort of their exercise performance 
and apply appropriately dosed exercise to achieve optimal outcomes. This study is 
the first to contribute valuable insight into how patients undergoing knee replacement 
surgery perceive exercise exertion and task duration during an IIF. These data 
indicate that interchangeable use of perceived exertion (CR-10) and PTD is not 
advised in this sample of people undergoing TKA. Importantly perceived exertion may 
not be an effective prognostic indicator of task duration.  
A similar study with a larger cohort is recommended to confirm the present results 
with regards to different pattern of changes of the CR-10 and PTD. Furthermore, 
research is suggested to identify the capability of CR-10 derived perceived exertion 
and PTD in discriminating changes in work intensity in this clinical population.  
Future adequately powered research with appropriately dosed resistance training, 
which focuses on rapid production of force (i.e., explosive-type exercises and/or 
ballistic training) and also incorporates flexibility exercises are needed before clinical 
recommendations can be made with regard to the mode and delivery of TKA 
prehabilitation. Additionally, integrated cost effectiveness or quality of life years 
(QALYs) evaluation is advised to support a business case for the application of 
prehabilitation in the TKA population.  
Recent research has identified that substantial differences in pre-operative patient 
characteristics between countries exist (Franklin et al. 2017). Accordingly, future 
studies may wish to explore this phenomenon to facilitate effective cross-cultural 
comparisons and synthesis of study data from different countries.  
  
214 
7.9 Conclusion  
This thesis provides a comprehensive evaluation of peri-surgical physical function and 
neuromuscular and sensorimotor performance capabilities of people undergoing knee 
joint replacement surgery. Changes in PROs such as the KOOS, OKS, SF-36, PP 
and IPAQ observed at weeks 6 and 12 post-surgery are majority contributors to the 
overall improvements observed. In light of their superior responsiveness, knee joint-
specific assessment instruments (the KOOS and OKS) are recommended as the 
preferred outcomes for the evaluation of patient-reported physical function prior to 
and following TKA. The individualised PP demonstrated comparable responsiveness 
to the orthopaedic relevant questionnaires during the post-operative period. Force 
plate-measured postural stability does not indicate a statistically significant interaction 
between the operated and control leg of patients undergoing TKA during a six-month 
peri-surgical monitoring period (i.e., ~12 weeks pre-surgery to 12 weeks post-
surgery). Conversely, indices of neuromuscular performances such as PFV, RFD, 
RFR, A-EMD (vastus medialis) and R-EMD (vastus medialis) show significant time-
related interactions with changes at week 6 and 12 post-surgery contributing most to 
the overall alterations. Volitional peak force is the only physiological index to 
demonstrate significant change during the period prior to surgery as well as following 
surgery.  
The present thesis suggests that RPE (evaluated via the CR-10) and PTD indicate a 
differential pattern of change during an IIF for people undergoing TKA. Whereas the 
PTD increased linearly with exercise task duration, participant responses on the CR-
10 scale remained relatively stable. An IIF designed to fatigue muscle appears to 
induce a reduction in knee extensor strength of both the operated and control leg. 
Findings also indicate a similar pattern of changes for the operated and control leg 
during the IIF when people awaiting TKA are listed for surgery (~12 weeks pre-
surgery) and at 12 weeks post-surgery. These data also indicate that for this sample 
of TKA recipients, the IIF had no substantive effect on other indices of neuromuscular 
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Reliability Validity Responsiveness 
Minimal important 
change, minimal 
important difference  
Naylor et al. 













 SEM MDC90 MDC95 CV % 
Pain 7.3 (6.2 
- 8.8) 
17.0 20.2 19 
Symp-
toms 
8.7 (7.4 - 
10.5) 
20.2 24.1 22 
ADL 7.5 (6.4 - 
9.0) 
17.4 20.8 17 
QoL 9.6 (8.2 - 
11.6) 
22.4 26.6 44 
 
   
Steinhoff and 
Bugbee (2014), 

















KOOS pain: SRM = 1.98 
KOOS symptoms: SRM = 1.42 
KOOS ADL: SRM = 1.68 
KOOS QoL: SRM = 1.87 
KOOS sport/rec: SRM = 1.16 
 
Monticone et al. 
(2013), n = 148 
Primary TKA due 





  SRM ranged from 0.76 - 1.22 
ES ranged from 0.85 - 1.35 






Ornetti et al. 
(2008), n = 30 
Participants with 








SRM ranged from 0.89 - 1.93 








Reliability Validity Responsiveness 
Minimal important 
change, minimal 








ICC ranged from 0.755 - 0.914 
Bland and Altman: 95 % LoA correspond to the 
mean differences between 2 measurements (± 1.96 
SD) and the normal distribution of the differences 
Content validity (%) 
No floor or ceiling effect, except for the 
Sport/rec subscale pre-operative (40 %). 
Construct validity 
Spearman’s correlation coefficient (rs):  
Moderate correlations: 
KOOS ADL vs. OAKHQOL physical activities, 
rS = 0.65 
KOOS pain vs. OAKHQOL pain, rS = 0.42 
KOOS ADL vs. OAKHQOL pain, rS = 0.48 
KOOS pain vs. OAKHQOL physical activities, 
rS = 0.45 
Weak correlation: 
KOOS Sport/rec subscale with all domains of 
the OAKHQOL 
p < 0.05. 
De Groot et al. 
(2008) (n = 164)b  
Participants with 
severe OA and on 
the waiting list for 
TKA (n = 47); 
participants 6 
months after TKA 
(n = 63); 
participants with 
revision of the 






Time point not 
specified, test-




α ≥ 0.71, except for the symptoms subscale of the 
severe OA group (α = 0.56) 
Intra-rater reliability 
Patients with revision of the primary TKA (n = 47): 
ICC ≥ 0.70, except for the subscale Sport/rec (ICC 
= 0.45) of the revision TKA group 
Measurement error 
SEM: 
Revision of the TKA: ranged between 7.2 and 24.6 
Cross-cultural validation 
Dutch version 
Content validity (%) 
Severe OA: 
KOOS Ceiling Floor 
Symptoms 0 2 
Pain 0 2 
ADL 0 0 
Sport/rec 20 38 
QOL 0 15 
TKA: 
KOOS Ceiling Floor 
Symptoms 3 0 
Pain 10 0 








Reliability Validity Responsiveness 
Minimal important 
change, minimal 
important difference  
Sport/rec 0 7 
QOL 6 3 
Convergent validity 
Spearman’s correlation coefficient (rs): 
Severe OA: 
SF-36: rS = 0.03 to 
0.72 
VAS for pain:  
rS = -0.19 to -0.43 
Primary TKA: 
SF-36: rS = 0.22 to 0.83 
VAS for pain:  
rS = -0.27 to 0.70 
Revision of the 
TKA: 
36-Item Sho: rS = 
0.00 to 0.54 
VAS for pain: 
rS = -0.21 to -0.47 
Pre-defined hypotheses:  
60 % TKA; > 45 % (severe OA, revision TKA) p 
≤ 0.05.rS = -0.19 to -0.43 
Xie et al. (2006), 









Time point not 
specified, test-
retest 6 days apart. 
Internal consistency 
English version:  
α = ≥ 0.70 (all subscales) 
Chinese version: 
α = ≥ 0.70 (ADL, sport/rec, knee health on QoL) 
α = 0.65 pain subscale 
α = 0.64 symptoms subscale 
Intra-rater reliability 
47 English-speaking and 55 Chinese-speaking 
subjects completed the retest.  
English and Chinese version:  
ICC > 0.70, except sport/rec (ICC = 0.65, English 
version) and knee health on quality of life subscale 
(ICC = 0.60, Chinese version) 
Cross-cultural validation 
Singapore English and Chinese version  
Content validity (%) 
Singapore English version: 
KOOS Ceiling Floor 
Symptoms 0 0 
Pain 0 0 
ADL 0 0 
Sport/Rec 0 66.9 
QOL 0 3.1 
Singapore Chinese version: 
KOOS Ceiling Floor 
Symptoms 1.5 0 
Pain 0 0 
ADL 0 0 
Sport/rec 0 73.3 
QOL 1.5 0 
Convergent validity 








Reliability Validity Responsiveness 
Minimal important 
change, minimal 
important difference  
Singapore English 
version: 
SF-36: rS = -0.01 to 
0.65 




SF-36: rS = -0.01 to 0.64 
EQ-5D: rS = -0.02 to -
0.59 
Convergent (14 a priori hypotheses were 
generated): moderate to strong correlation for 
13 and 11 of 14 a priori hypotheses (English 
and Chinese version) 
Divergent (13 a priori hypotheses were 
generated): weak correlation for 12 and 11 of 
13 a priori hypotheses (English and Chinese 
version) 
Correlation coefficient of the one hypotheses 
(both version) marginally exceed the value of 
0.35 p < 0.05. 
Kessler et al. 









Values ranged between 0.74 - 0.95 (Statistical 
method used not reported). 
Intra-rater reliability 
30 patient with severe osteoarthritis  




Convergent: Strong correlation: 
To the SF-12 (ADLs, sport/rec and knee health 
related QoL) 
With VAS pain (except the symptom subscale) 
Divergent 
In all subscales was the differentiation 
between patients and the 90 healthy persons 
possible p < 0.05. 
Sensitivity was determined by 
comparison of the mean and SD 
and was good for all subscales 
(after the 3 months follow-up), 





(2003) (n = 105) 
Participants with 




54 patient completed the KOOS twice,  
ICC > 0.78 (ranged from 0.78 - 0.97) 
Bland and Altman: 
Content validity (%) 
Pre-operative: 
KOOS Ceiling Floor 
Symptoms 0 1 
Pain 1 0 
Knee health on QoL subscale:  
SRM = 1.60 (ES = 2.86) and 
SRM = 1.99 (ES = 3.54) (at 6 









Reliability Validity Responsiveness 
Minimal important 
change, minimal 





95 % LoA correspond to the mean differences 
between 2 measurements (± 2 SD) and the normal 
distribution of the differences 
Measurement error 
MDC 8 to 10 points 
ADL 0 0 
Sport/rec 0 48 
QOL 0 14 
6-month post-operative: 
KOOS Ceiling Floor 
Symptoms 3 0 
Pain 15 0 
ADL 8 0 
Sport/rec 16 16 
QOL 11 1 
12-month post-operative: 
KOOS Ceiling Floor 
Symptoms 12 0 
Pain 22 0 
ADL 11 0 
Sport/rec 9 12 
QOL 17 0 
Convergent validity 
Spearman’s correlation coefficient: 
Strong correlation: 
With SF-36 (bodily pain vs. pain, rS = 0.62; 
physical function vs. ADLs, rS = 0.48) 
SRM = 1.67 (ES = 2.28) and 
SRM = 2.12 (ES = 2.55) (6 and 
12 months, respectively) 
Sport/rec subscale: 
SRM = 0.81 (ES =1.18) and SRM 
= 0.88 (ES = 1.08) (6 and 12 
months, respectively) 
aStudy also included people suffering from hip OA, which will not be reported within this thesis. bStudy also included a group of participants with mild and moderate OA results on these population groups will not 
be reported within this thesis. n: Number of participants; OA: Osteoarthritis; TKA: Total knee arthroplasty; SEM: Standard Error of the Mean; MDC: Minimal Detectable Change; CV: Coefficient of Variation; ADL: 
Activity of Daily Living; QoL: Quality of Life; KOOS: Knee injury and Osteoarthritis Outcome Score; SRM: Standardised Response Mean; ES: Effect size; Sport/rec: Sport and recreation subscale; α: Cronbach’s 
alpha; ICC: Intra-class correlation coefficient; LoA: Limits of Agreement; OAKHQOL: Osteoarthritis Knee and Hip Quality of Life Questionnaire; SF-36: 36-Item Short Form Health Survey; VAS: Visual Analogue 
Scale; EQ-5D: EuroQol five dimensions questionnaire; SD: Standard Deviation. 
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Clement et al. (2014), 
n = 505  
 
Participants with 





   Anchor-based 
method: 





Ebrahimzadeh et al. 
(2014), n = 80 
Participants with OA. 
Assessment points 




α = 0.915 
Intra-rater reliability 
ICC = 0.95 
Cross-cultural validation 
Persian version 
Content validity (%) 
OKS Question: Ceiling Floor 
1 56.2 1.2 
2 1.2 30 
3 3.8 13.8 
4 13.8 17.5 
5 7.5 8.8 
6 26.2 17.5 
7 56.2 6.2 
8 32.5 10 
9 26.2 6.2 
10 3.8 35 
11 22.5 21.2 
12 5 10 
TOTAL 1.2 1.2 
Convergent validity 


































Time points not 
specified, test-retest 
14 days apart. 
 
Internal consistency 
α  = 0.93 
Intra-rater reliability 




Content validity  
No ceiling effects. 
Convergent validity 
Pearson correlation coefficient (p < 0.001): 
OKS vs: 
VAS 0.692 
SF-36  -0.74 
 
  





Time points not 
specified. 
MDC 
MDC90: 4 points 
 
  Anchor-based 
method: 
MID: ~ 5 points  
MIC: ~ 9 points  






Baseline (time point 
not specified), 6-
month post-
 Content validity (%) 
Baseline: 
 Ceiling Floor 
Raw-OKS 0.0 0.1 
Rasch-OKS 0.0 0.1 
6-month post-operative: 
 ES SRM RV 
Raw-OKS -1.99 -1.91 1.00 
Rasch-OKS -2.68 -1.57 0.66 






















 Ceiling Floor 
Raw-OKS 1.4 0.0 
Rasch-OKS 12.8 0.0 
2-years post-operative: 
 Ceiling Floor 
Raw-OKS 5.6 0.0 
Rasch-OKS 37.2 0.0 
 
24-month post-operative: 
 ES SRM RV 
Raw-OKS -2.32 -2.27 1.00 
Rasch-OKS -3.90 -2.00 0.82 
 
Goncalves et al. 





Baseline (time point 
not specified), 48 
and 96 hours later. 
Internal consistency 
α  = 0.87 ranged from 0.17 to 
0.77 
Intra-rater reliability 









GH  -0.39 
VT  -0.28 
SF  -0.45 
RE -0.33 
MH  -0.32 
VAS pain 0.44 
VAS disability 0.39 
 
  
Jenny and Diesinger 









α  = 0.88 (pre-operative) 
α  = 0.66 (post-operative) 
Intra-rater reliability 
ICC 0.97 
Content validity  
Pre-operative: no floor effect (no score < 19) 




















Post-operative: substantial floor effect (33 
scores < 18) but no ceiling effect (no scores > 
54). 
Convergent validity 














-0.19, p = 0.06 
AKS function 
score 
-0.49, p < 0.001 
 
Impellizzeri et al. 









ICC 0.91 ranged from 0.83 to 
0.95. 
Measurement error 
SEM 2.2 ranged from 1.8 - 2.9 
MDC 
Individual level: 6.1 
Content validity (%) 
Pre-operative: 
 Ceiling Floor 
OKS 1 0 
6-month post-operative: 
 Ceiling Floor 
OKS 27 0 
Convergent validity 
Spearman’s rank correlation coefficient: 
6-month post-operative: 

















OKS vs:  
WOMAC pain 0.67, p < 0.001 
WOMAC stiffness 0.45, p < 0.001 
WOMAC function 0.67, p < 0.001 
KOS-ADLS symptoms -0.48, p < 0.001 
KOS-ADLS function -0.62, p < 0.001 
KOS-ADLS total score -0.62, p < 0.001 
SF-12 PCS: -0.50, p < 0.001 
SF-12 MCS: -0.17 
Jenny and Diesinger 
(2011), n = 100 
 









Content validity  
No floor effect (no score < 19) but slight ceiling 
effect (7 scores > than 53). 
Convergent validity 
Spearman’s rank correlation coefficient  
OKS vs: 
IKS knee score -0.33, p = 0.004 
IKS function score  -0.74, p < 0.001 
Global IKS score -0.44, p < 0.001 
 
  































Pre-operative, 2, 5 
and 10 years post-
operative. 
 Convergent validity 
Spearman’s rank correlation coefficient: (all 
scores p < 0.05) 





Pre-operative -0.37  -0.56 
2 years post-
operative 
-0.61  -0.65 
5 years post-
operative  
-0.49  -0.47 
10 years post-
operative 
-0.49  -0.49 
 
  







1 week prior to 
admission, test-
retest (time point not 
specified).  
Internal consistency 
α  = 0.83 
Intra-rater reliability  
ICC = 0.91 
Bland and Altman: 
95 % LoA did not demonstrate 
any bias (-0.2), random error of 
± 6.2 (total error ranging from -




Content validity  
No floor or ceiling effects.  
Convergent validity 
Spearman’s rank correlation coefficient 
OKS vs:  
WOMAC total 0.76, p < 0.001 
WOMAC pain 0.71, p < 0.001 
WOMAC stiffness 0.43, p < 0.001 
WOMAC function 0.76, p < 0.001 
KSS total -0.50, p < 0.001 
KSS knee score -0.28, p = 0.024 
KSS function score -0.57, p < 0.001 
ADLS -0.77, p < 0.001 
SF-12 PCS: -0.57, p < 0.001 




























Singapore English α = 0.82 
Chinese version α = 0.81 
Cross-cultural validation 
Singapore English and Chinese version 
Content validity (%) 
Singapore English version: 
OKS Ceiling Floor 
1 0 57.5 
2 53.5 0 
3 17.3 3.9 
4 13.4 3.9 
5 11.0 1.6 
6 10.2 61.4 
7 0 76.4 
8 44.9 21.3 
9 11.0 11.0 
10 38.6 6.3 
11 11.8 24.4 
12 0.8 10.2 
Total  0 0 
Singapore Chinese version: 
OKS Ceiling Floor 
1 0 55.7 
2 57.3 0.8 
3 9.9 14.5 
4 10.7 4.6 
5 16.8 5.3 
6 12.2 54.2 
7 0 79.4 
8 43.5 9.9 
9 11.5 12.2 
10 42.0 6.1 
11 6.9 26.0 
















Total 0 0 
Convergent validity 
Spearman’s rank correlation coefficient: 
SF-36 OKS 
 English  Chinese 
PF  -0.73  -0.72 
RP -0.37  -0.45 
BP -0.54  -0.23 
GH -0.22  -0.20 
VT -0.32  -0.30 
SF -0.49  -0.40 
RE -0.09  -0.25  
MH -0.18  -0.30 
EQ-5D OKS 
 English  Chinese 
Mobility 0.41  0.46 
Self-care 0.28  0.35 
Usual activity 0.44  0.46 
Pain/discom-
fort 
0.62  0.49 
Anxiety/dep-
ression 


















Pearson correlation coefficient: 
SF-36 OKS 
 Function  Pain Total 
PF  -0.694 -0.723 -0.726 
RP -0.535 -0.554 -0.558 
















GH  -0.457 -0.479 -0.479 
VT  -0.446 -0.454 -0.461 
SF  -0.472 -0.462 -0.480  
RE -0.378 -0.366 -0.382  
MH  -0.422 -0.367 -0.408 
PCS  -0.732 -0.764 -0.766 
MCS -0.595 -0.583 -0.605 
 
Haverkamp et al. 
(2005), n = 174 
 
 





1 year post-operative 
Internal consistency 
α = 0.87 (Baseline) 
α = 0.90 (1 year post-
operative) 
α = 0.94 (total population) 
Intra-rater reliability 
ICC 0.97  
Bland and Altman: 
4.6 (95 % CI: -7.2 to 2.0) 
Measurement error 





Pre-operative: no floor or ceiling effects. 
1 year post-operative: slight floor effect (10 
patients - 9 %), no ceiling effect.  
Convergent validity 




 1-year  
Pain VAS 0.62  0.81 
AKS knee 
score 
0.33  0.62 
AKS function 0.31  0.48 
SF-36    
PF  0.64  0.64 
RP 0.40  0.63 
BP  0.68  0.67 
GH  0.31  0.39 
VT  0.14  0.48 
SF  0.46  0.57  
RE 0.26  0.50  
MH  0.27  0.40 
 

















Padua et al. (2003), n = 
50 
 
Participants with OA 
awaiting TKA. 
Assessment points 
Baseline (time point 
not specified), test-
retest 3 - 5 days 
apart. 
Internal consistency 
α = 0.90 
Intra-rater reliability  
ICC = 0.88 
 
Content validity 
No participant had maximum or minimum 
score. 
Convergent validity 




PF  0.49, p < 0.02 
RP 0.53, p < 0.02 
BP  0.63, p < 0.02 
GH  0.41, p < 0.05 
VT  0.43, p < 0.05 
SF  0.42, p < 0.05 
RE 0.20 









Participants with OA 






Baseline (time point 
not specified) and 
test-retest 3 weeks 
apart. 
Internal consistency 
α = 0.93 
Intra-rater reliability  
ICC = 0.94 
 
Content validity  
Floor  Ceiling  Skew 

















Dunbar et al. (2000), n 
= 1200 
Participants with OA 
awaiting TKA. 
Assessment points 
Baseline (time point 
not specified) and 
test-retest 5 days 
apart. 
Internal consistency 
α = 0.93 
Intra-rater reliability  
ICC = 0.94 
The coefficient of repeatability 
was 9.6 and 95 % of the 





Floor effect: 8 % of the participants.  
Ceiling effect: 0.1 % of the participants. 
Frequency distribution of the score: positively 
skewed with a skew value of 0.73.  
Convergent validity 
Spearman’s rank correlation coefficient (p < 
0.001 for all correlations):  
OKS vs:  
Nottingham Health Profile: 
Pain 0.82  
Physical mobility 0.78  
Energy 0.64 
Emotional reaction 0.52 
Sleep 0.46  
Social isolation 0.33 
  
SF-12: 
PCS  -0.56  




PCS -0.57  
PF -0.57 
VT -0.54 
GH -0.53  
SF -0.51  
MCS -0.45  















RP -0.42  
RE -0.41  
MH -0.40 
Sickness impact profile: 
Physical dimension 0.55 
Body care and movement 0.54  
Ambulation 0.53  
Total score 0.52 
Home management 0.52 
Mobility 0.46 
Sleep and rest 0.41 
Psychosocial dimension 0.35 
Alertness behaviour 0.34  
Recreation and pastimes 0.30  
Social interaction 0.29  
Emotional behaviour 0.29  
Communication 0.26 





Pain 0.83  
Stiffness 0.74 











α (pre-operative) = 0.87 
α (6-month post-operative) = 
0.93 
Intra-rater reliability  
r = 0.92, p < 0.0001 
Bland and Altman: 95 % of the 
score differences where 
Convergent validity 
Pearson correlation coefficient: 
Pre-operative: 
OKS vs: 
AKS Knee score: -0.47, p < 0.01 
AKS Function: -0.54, p < 0.01 
PF -0.69, p < 0.01 
6-month post-operative: 
















between 0 ± 6.45; 89 % of the 
scores differences where 
between 0 ± 4 points. 
BP -0.71, p < 0.01 
RP -0.52, p < 0.01 
RE -0.25, p < 0.01 
SF -0.56, p < 0.01 
MH -0.19, p < 0.01 
VT -0.35, p < 0.01 
GH: -0.07, p < 0.01 
HAQ pain VAS: 0.53, p < 0.01 
HAQ disability index: 0.61, p < 0.01 
Post-operative: 
SF 36  
PF -0.66, p < 0.01 
BP -0.78, p < 0.01 
RP -0.43, p < 0.01 
RM -0.46, p < 0.01 
SF -0.78, p < 0.01 
MH -0.41, p < 0.01 
VT -0.62, p < 0.01 
GH -0.41, p < 0.01 
aStudy included also participants undergoing hip replacement, which will not be reported within this thesis. OA: Osteoarthritis; TKA: Total knee arthroplasty; MID: Minimal Important Difference; OKS: 
Oxford Knee Score; MCID: Minimal Clinical Important Difference; α: Cronbach’s alpha; MDC: Minimal Detectable Change; ES: Effect Size; SRM: Standardised Response Mean; RV: Relative Validity; 
AKS: American Knee Society score; WOMAC: The Western Ontario and McMaster Universities Arthritis Index; KOS: Knee Outcome Survey; SF-12: 12-Item Short Form Health Survey; IKS: International 
Knee Society Score; LoA: Limits of Agreement; KSS: Knee Society Score; EQ-5D: EuroQol five dimensions questionnaire; CI: Confidence Interval; SEM: Standard Error of the Mean; ROC: Receiver 
Operating Characteristic; r: Pearson correlation coefficient; HAQ: Stanford Health Assessment Questionnaire; ICC: Intra-class correlation coefficient; SF-36: 36-Item Short Form Health Survey; PF: 
Physical Functioning; RF: Role Physical; BP: Bodily Pain; GH: General Health; VT: Energy/Vitality; SF: Social Functioning; RE: Role Emotional; MH: Mental Health; PCS: Physical Component Summary; 
MCS: Mental Component Summary; VAS: Visual Analogue Scale.  
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Castellet et al. 
(2014), n = 316.  
Participants awaiting 
primary TKA. 




 Convergent validity 
Spearman’s rank correlation coefficient 
Pre-operative: 




















Kievit et al. 
(2014), n = 306a 
Participants with 
TKA. 
Assessment point  
Post-operative (time 
point not specified), 
test-retest (time point 
not specified) 
 Content validity (%) 
SF-36 Floor  Ceiling 
PF 0 3 
RP 22 46 
BP 1 24 
GH 0 6 
VT 0 6 
SF 1 0 
RE 9 80 
MH 1 13 
Convergent validity 
Spearman’s rank correlation coefficient (all 
p < 0.01). 





















Ko et al. (2013), 





Assessment point  
Baseline (time point 
not specified), 6 and 
24 months post-
operative. 
  6 months post-operative: 
SF-36 ES SRM RV 
PF 1.29 1.14 0.36 
RP 0.92 0.78 0.17 
BP 1.88 1.33 0.49 
GH 0.16 0.14 0.01 
VT 0.27 0.24 0.02 
SF 0.71 0.63 0.11 
RE 0.35 0.31 0.03 
MH 0.32 0.30 0.03 
24 months post-operative: 
SF-36 ES SRM RV 
PF 1.65 1.38 0.37 
RP 0.95 0.78 0.12 
BP 1.97 1.35 0.36 
GH 0.04 0.03 < 0.01 
VT 0.41 0.38 0.03 
SF 0.83 0.70 0.10 
RE 0.32 0.29 0.02 
MH 0.42 0.39 0.03 
 
 
Gill et al. (2012), 
n = 82 
Participants awaiting 
TKA. 
Assessment point  
Pre- and post-
intervention. 
 Convergent validity 
Spearman’s rank correlation coefficient: 
SF-36 50 FTW 30 CST PSFS 
PF -0.39 -0.38 -0.12 
PCS  0.39 0.35 0.33 
MH  0.22 0.11 0.16 
 
SF-36 PF: ES = 0.13 
SF-36 PCS: ES = 0.09 
SF-36 SRM GRI 
PF 0.2 0.31 
PCS 0.2 0.3 
 
 
Na et al. (2012), 
n = 178 
Participants awaiting 
TKA. 
Assessment point  
Pre-operative and 6 
weeks, 3 months, 6 
months, 12 months 
 Convergent validity 
Pre-operative 
 SF-36 
KSKS 0.35, p < 0.001 
KSFS 0.24, p < 0.003 
WOMAC -0.20, p < 0.022 
HFKS 0.24, p < 0.004 
Spearman’s rank correlation coefficient. 
 SF-36 
KSKS 0.62, p < 0.001 
KSFS 0.55, p < 0.001 
WOMAC -0.44, p < 0.001 
















KSKS 0.64, p < 0.001 
KSFS 0.60, p < 0.001 
WOMAC -0.38, p < 0.001 
HFKS 0.55, p < 0.001 
 
Busija et al. 
(2008), n = 103b 
Participants awaiting 
TKA. 
Assessment point  
Pre-operative, 6 
months, 1 year and 5 
years post-operative. 
Measurement error 








PF 15 41 6 
RP 30 84 12 
BP 19 51 7  
GH 13 35 5 
VT 18 50 7 
SF 19 52 7 
RE 34 94 14 
MH 14 39 6 
 
Content validity (%) 
SF-36 Floor  Ceiling 
PF: Baseline 1.4 - 
6-month post-op - 1.4 
5 year post-op 2.7 - 
RP: Baseline 70.4 2.8 
6-month post-op 40.8 26.8 
5 year post-op 38.0 19.4 
BP: Baseline 8.3 1.4 
6-month post-op - 26.4 
5 year post-op - 19.4 
GH: Baseline - 1.5 
6-month post-op - 8.8 
5 year post-op - 8.8 
VT: Baseline 3.0 4.5 
6-month post-op - 7.6 
5 year post-op 3.0 4.5 
SF: Baseline - 22.5 
6-month post-op - 57.7 
5 year post-op 2.8 53.5 
RE: Baseline 46.9 28.1 
6-month post-op 28.1 53.1 
5 year post-op 26.6 43.8 
MH: Baseline - 12.1 
6-month post-op - 21.2 
5 year post-op - 16.7 
 
SF-36 ES 






PF 1.5 1.3 
RP 2.0 2.0 
BP 2.3 2.1 
GH 0.2 -0.3 
VT 1.0 0.7 
SF 0.9 0.7 
RE 0.7 0.6 




Escobar et al. 




Assessment point  
Pre-operative, 6 
months and 24 
Internal consistency 
All subscales: 
α > 0.77 
Measurement error 
SEM 
Content validity (%) 
Pre-operative: 
SF-36 Floor  Ceiling 
PF 12.55 0.59 
RP 75.94 7.51 
BP 14.93 7.66 
6 months post-operative: 
 ES SRM GRI 
PF 1.10 0.83 0.38 
RP 0.97 0.62 0.28 
BP 0.66 0.56 0.65 



















6 months post-operative: 
 SEM MDC95 MDC % 
PF 7.03 19.50 238 (58.19) 
RP 9.73 26.97 125 (35.82) 
BP 13.68 37.91 121 (30.40) 
GH 9.88 27.40 32 (7.94) 
VT 10.76 29.84 95 (25.89) 
SF 14.87 41.23 88 (21.41) 
RE 10.29 28.52 81 (23.48) 
MH 8.73 24.19 75 (20.78) 
24 months post-operative: 
 MDC % 
PF 207 (58.64) 
RP 130 (41.94) 
BP 94 (26.78) 
GH 24 (6.94) 
VT 69 (21.10) 
SF 75 (21.25) 
RE 77 (25.08) 




GH 0.59 1.18 
VT 4.78 1.25 
SF 6.26 18.98 
RE 31.70 59.15 
MH 1.25 5.82 
6 months post-operative:  
SF-36 Floor  Ceiling 
PF 2.43 0.24 
RP 42.78 30.67 
BP 4.24 19.95 
GH 0.00 2.72 
VT 1.03 5.67 
SF 3.39 40.92 
RE 21.35 69.79 
MH 0.78 12.27 
24 months post-operative:  
SF-36 Floor  Ceiling 
PF 3.10 1.41 
RP 39.37 35.92 
BP 7.04 20.00 
GH 0.57 3.16 
VT 1.43 5.14 
SF 2.53 38.20 
RE 22.99 65.52 
MH 0.87 9.25 
 
VT 0.46 0.46 0.21 
SF 0.53 0.50 0.43 
RE 0.21 0.19 0.17 
MH 0.32 0.33 -0.02 
24 months post-operative: 
 ES SRM RV 
PF 1.09 0.81 0.66 
RP 1.15 0.69 0.28 
BP 0.61 0.50 0.21 
GH -0.07 -0.07 -0.31 
VT 0.39 0.39 0.12 
SF 0.48 0.44 0.15 
RE 0.18 0.16 0.04 

















 MCID %c  
PF 228 (64.59) 
RP 159 (51.29) 
BP 224 (63.82) 
GH 226 (65.32) 
VT 200 (61.16) 
SF 197 (57.81) 
RE 77 (25.08) 
MH 148 (45.68) 
 
Hashimoto et al. 
(2003), n = 70 
Participants awaiting 
primary TKA. 
Assessment point  
Pre-operative and 3 
months post-
operative.  
 Convergent validity 
Pearson correlation coefficient: 
 Japanese 
outcome scale 
SF-36 PF BP 
PF 0.45 0.06 
RP 0.32 0.14 
BP 0.57 0.47 
GH 0.04 0.11 
VT 0.31 0.39 
SF 0.39 0.38 
RE 0.19 0.26 




























Assessment point  
Pre-operative, 2 


















PF 0.42 0.53 0.76 
RP 0.11 0.50 0.33 
 
 Pre- to 2 months post-operative: 
 ES SRM TT RE 
PF 0.48 0.42 3.38 0.43 
RP 0.14 0.11 0.87 0.03 
2 months to 4 months post-operative: 
 ES SRM TT RE 
PF 0.45 0.53 4.36 0.13 
RP 0.64 0.50 4.00 0.11 
Pre- to 4 months post-operative: 
 ES SRM TT RE 
PF 0.99 0.76 6.11 1.72 
RP 0.43 0.33 2.67 0.33 
 
 
Bachmeier et al. 
(2001), n = 108 
Participants awaiting 
TKA. 
Assessment point  
Pre-operative, every 
3 months up to 1 
year post-operative. 
  RE WOMAC vs SF-36 
 SF-36 
Months Pain PF 
0 - 3 1.94 1.73 
0 - 6 1.92 1.17 
0 - 9 1.84 1.24 
0 - 12 1.74 1.30 
 
 
Dunbar et al. 










Baseline (time point 
not specified) and 



















Content validity (%) 
SF-36 Floor  Ceiling Skew 
PF 0.79 5.83 -0.14 
RP 21.32 49.50 -0.69 
BP 17.70 3.37 -0.14 
GH 3.26 0.59 0.02 
VT 3.26 1.88 0.08 
SF 36.02 2.45 0.85 
RE 41.41 36.08 0.09 
MH 12.82 0.43 0.68 
PCS N/A N/A -0.29 
MCS N/A N/A 0.43 




















Lingard et al. 
(2001), n = 862 
Participants awaiting 
primary TKA. 




 Convergent validity 
Pearson correlation coefficient: 
 SF-36 
 PF BP 
KSS pain  0.30 0.31 
KSS knee  0.30 0.27 
KSS function  0.63 0.39 
WOMAC function  0.57 0.50 
WOMAC pain  0.43 0.51 
 






Brazier et al. 
(1999), n = 118d 
Participants awaiting 
TKA. 
Assessment point  
Baseline (time point 
not specified), 6 
months later. 
Internal consistency 
α < 0.7 (role limitations due to physical 
problems) 
α > 0.7 (all other SF-36 subscales) 
Content validity (Baseline) (%) 
SF-36 Floor  Ceiling 
PF 16.5 0.0 
RP 76.9 2.8 
BP 9.7 3.5 
GH 1.9 3.8 
VT 2.8 0.0 
SF 7.3 9.1 
RE 46.3 31.5 
MH 0.9 2.8 
Convergent validity 
Spearman’s rank correlation coefficient.  




ES in relation to co-morbidity 
 ES 
PF 0.34, p = 0.08 
RP 0.16, p = 0.25 
BP 0.56, p = 0.02 
GH 0.60, p = 0.01 
VT 0.28, p = 0.17 
SF 0.23, p = 0.44 
RE 0.27, p = 0.17 
MH 0.51, p = 0.05 
ES (rheumatology clinic patients (mild/moderate 
OA) and severe knee OA 
 ES 
PF 0.75, p = 0.00 
RP 0.64, p = 0.00 
BP 0.65, p = 0.00 
GH 0.35, p = 0.04 
VT 0.47, p = 0.01 
SF 0.60, p = 0.00 
RE 0.60, p = 0.00 












Shields et al. 
(1999), n = 24e 
Participants awaiting 
TKA. 
Assessment point  











operative - 6 
months post-
operative 
PF 1.63 1.68 
RP 0.42 1.11 
BP 0.95 1.60 
GH 0.23 0.17 
VT -0.013 0.36 
SF 1.11 0.84 
RE 0.17 0.60 
MH 0.26 0.56 
PCS 1.26 1.63 
MCS 0.08 0.23 
 
Content validity (%) 
Pre-operative: 
SF-36 Floor  Ceiling 
PF 0 0 
RP 64.2 8.3 
BP 8.3 0 
GH 0 4.2 
VT 0 4.2 
SF 0 25 
RE 20.8 54.2 
MH 0 12.5 
PCS 0 0 
MCS 0 0 
3 months post-operative:  
SF-36 Floor  Ceiling 
PF 0 0 
RP 29.2 20.8 
BP 4.2 12.5 
GH 0 12.5 
VT 0 0 
SF 0 70.8 
RE 16.7 66.7 
MH 0 12.5 
PCS 0 0 
MCS 0 0 
6 months post-operative:  
SF-36 Floor  Ceiling 
PF 0 0 
RP 8.3 50 
BP 0 20.8 
GH 0 8.3 
VT 0 0 
SF 0 62.5 
RE 42 87.5 
MH 0 16.3 
PCS 0 0 
MCS 0 0 
SRM 
 SRM 




3 to 6 months 
post-operative 
PF 1.63 1.68 
RP 0.42 1.1 
BP 0.95 1.60 
GH 0.23 0.17 
VT -0.013 0.36 
SF 1.11 0.84 
RE 0.17 0.60 
MH 0.26 0.56 
PCS 1.26 1.63 























PF 0.45 0.72 0.67 
RP 0.48 0.38 0.47 
BP 0.23 0.77 0.59 
GH 0.07 0.14 0.48 
VT 0.30 0.47 0.51 
SF 0.31 0.25 0.58 
RE 0.32 0.27 0.48 
MH -0.02 0.24 0.48 
PCS 0.44 0.69 0.65 
MCS 0.21 0.16 0.48 
 
Kantz et al. 
(1992), n = 66  
Participants awaiting 
TKA. 
Assessment point  
On average 7.5 
(range 2.5 - 15.5) 
years post-operative. 
Internal consistency 
α < 0.70 (all subscales)  
Convergent validity 










PF 0.85 0.29 0.29 
RP 0.29 0.36 0.23 
BP 0.34 0.43 0.41 
GH 0.32 0.18 0.31 
VT 0.53 0.29 0.40 
SF 0.38 0.50 0.51 
RE 0.38 0.34 0.26 
MH 0.21 0.34 0.36 
 
SF-36 Condition-specific Knee 
society Function/-pain 
 Knee pain Function 
PF 0.16 0.65 
RP 0.12 0.63 
BP 0.27 0.41 











VT 0.35 0.51 
SF 0.32 0.46 
RE 0.14 0.41 















aStudy included also participants with unilateral knee arthroplasty, which will not be reported within this thesis. bStudy included also participants with other types of orthopaedic surgeries, which will not be reported 
within this thesis. cMCID defined as smallest difference between baseline score and 6- and 24-month post-surgery (presented as % difference [SD]). dStudy also included participants from rheumatology clinic (mild 
and moderate OA) which will not be reported within this thesis. eStudy also included participants with hip replacement surgery, which will not be reported within this thesis. TKA: Total knee arthroplasty; SF-36: 36-
Item Short Form Health Survey; PF: Physical Functioning; RF: Role Physical; BP: Bodily Pain; GH: General Health; VT: Energy/Vitality; SF: Social Functioning; RE: Role Emotional; MH: Mental Health; PCS: 
Physical Component Summary; MCS: Mental Component Summary; ES: Effect Size; SRM: Standardised Response Mean; RV: Relative Validity; 50 FTW: 50-Foot Timed Walk; CST: Chair Stand Test; PSFS: 
Patient Specific Functional Scale; GRI: Guyatt’s Responsiveness Index; KSKS: Knee Society Knee Score; KSFS: Knee Society Function Score; WOMAC: The Western Ontario and McMaster Universities Arthritis 
Index; HFKS: High-Flexion Knee Score; MDC: Minimal Detectable Change; Ind: Individual level; Grp: Group level; SEM: Standard Error of the Mean; GRI: Guyatt Responsiveness Index; RV: Relative Validity; TT: 
Paired T-statistic; RE: Relative Efficiency; KSS: Knee Society Score; QWB: Quality of Well Being.  
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Appendix II b: Ethical approval from Roberts Jones and Agnes Hunt 
































Appendix II e: Participant consent form 
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Appendix III: Grading for the Oxford Knee Score (Orthopaedicscores 
2014) 
Grading for the Oxford Knee Score 
Score 0 to 19 May indicate severe knee arthritis. It is highly likely that you may well 
require some form of surgical intervention contact your family physician 
for a consult with an orthopaedic surgeon.  
Score 20 to 29 May indicate moderate to severe knee arthritis. See your family 
physician for an assessment and x-ray. Consider a consult with an 
orthopaedic surgeon. 
Score 30 to 39 May indicate mild to moderate knee arthritis. Consider seeing your 
family physician for an assessment and possible x-ray. You may benefit 
from non-surgical treatment, such as exercise, weight loss, and/or anti-
inflammatory medication 























































Appendix IX: Category – Ratio Scale 
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Appendix X a: Patient-reported outcomes: group mean and standard deviation scores at the four measurement 
points. Percentage changes (%) and effect sizes (Cohen’s d) relative to the baseline assessment at week 3 pre-









3 wk pre-surgery 6 wk post-surgery 12 wk post-surgery 
% change ES % change ES % change ES 
 Mean ± SD Mean ± SD Mean ± SD Mean ± SD % da % da % da 
 KOOS               
 Pain 35.2 16.2 42.4 17.0 61.8 16.1 74.4 21.1 20.4 -0.4 75.6 -1.6 111.4 -2.1 
 Symptoms 38.7 17.6 42.0 17.1 54.8 14.8 62.4 18.4 8.5 -0.2 41.6 -1.0 61.2 -1.3 
 ADL 39.3 20.2 45.1 20.4 70.9 17.7 80.0 17.0 14.7 -0.3 80.3 -1.7 103.6 -2.2 
 Sport/Rec 13.0 18.9 15.1 17.6 33.9 32.8 41.2 26.8 16.2 -0.1 160.8 -0.8 216.9 -1.2 
 QoL 21.0 17.5 25.3 15.0 48.4 17.0 58.7 22.4 20.5 -0.3 130.5 -1.6 179.5 -1.9 
 OKS 18.6 6.5 21.5 7.5 29.8 8.4 35.7 8.7 15.6 -0.4 60.2 -1.5 91.9 -2.2 
 SF-36               
 PF 28.9 21.0 31.0 21.9 53.3 23.7 64.0 23.6 7.3 -0.1 84.4 -1.1 121.5 -1.6 
 RF 18.3 32.1 20.2 32.4 16.3 32.4 51.9 46.9 10.4 -0.1 -10.9 0.1 183.6 -0.8 










3 wk pre-surgery 6 wk post-surgery 12 wk post-surgery 
% change ES % change ES % change ES 
 Mean ± SD Mean ± SD Mean ± SD Mean ± SD % da % da % da 
 VT 45.0 17.8 49.2 19.3 53.8 18.8 59.8 21.6 9.3 -0.2 19.5 -0.5 32.9 -0.7 
  MH 71.2 17.3 70.9 18.2 76.0 15.6 80.3 14.5 -0.4 0.02 6.7 -0.3 12.8 -0.6 
 SF 63.9 33.4 63.5 31.0 69.7 26.5 82.7 22.4 -0.6 0.01 9.1 -0.2 29.4 -0.7 
  BP 31.2 18.7 35.3 23.6 44.8 31.6 64.0 29.7 13.1 -0.2 43.6 -0.5 105.1 -1.3 
 GH 67.1 18.2 67.7 12.6 74.0 15.8 76.0 15.7 0.9 0.04 10.3 -0.4 13.3 -0.5 
 PP 4.1 2.0 4.9 2.1 5.6 1.3 6.8 1.3 19.5 -0.4 36.7 -0.9 65.8 -1.6 
aA negative value indicates an improvement. SD: Standard Deviation; ES: Effect Size; KOOS: Knee injury and Osteoarthritis Outcome Score; ADL: Activity of Daily Living; Sport/rec: Sport and 
recreation subscale; QoL: Quality of Life; OKS: Oxford Knee Score; SF-36: 36-Item Short Form Health Survey; PF: Physical Functioning; RF: Role Physical; BP: Bodily Pain; GH: General Health; 




Appendix X b: International Physical Activity Questionnaire: group median and interquartile range scores (expressed in 
METsminwk-1) at the four measurement points. Percentage changes (%) and effect sizes (Pearson’s r) relative to the baseline 














 % change r % change r % change r 








 0 -0.02 0 -0.4 0 -0.02 








 -82.1 -0.2 -79.8 -0.2 -28.6 -0.1 








 15.5 -0.2 106.7 -0.3 273.3 -0.3 








 -11.1 -0.03 33.3 -0.3 5.6 -0.02 








 -31.4 -0.1 -15.8 -0.3 41.5 -0.02 
IQR: Interquartile Range; ES: Effect Size; MET: Metabolic equivalents. 
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Appendix XI a: Pearson correlation: Knee injury and Osteoarthritis Outcome Score and age, BMI, gender and waiting 
time, prosthesis type, anaesthetic 
  ~12 wk pre-surgery 3 wk pre-surgery 6 wk post-surgery 12 wk post-surgery 
KOOS Pain  
Symp-
toms ADL Sport/rec QoL Pain 
Symp-
toms ADL Sport/rec QoL Pain 
Symp-






Correlation .089 -.048 .020 -.359 -.128 .173 .301 .036 .211 .120 .060 .120 .014 .124 .360 .520
** .416* .343 .225 .393* 
Sig. (2-
tailed) .666 .814 .923 .071 .534 .399 .135 .861 .301 .560 .771 .558 .947 .546 .071 .006 .035 .086 .269 .047 
BMI Pearson 
Correlation -.085 .138 -.177 .006 .081 -.329 .089 -.273 -.111 -.122 -.186 .103 -.242 -.399
* -.067 -.047 .149 -.158 -.490* -.183 
Sig. (2-
tailed) .680 .502 .387 .978 .695 .101 .666 .177 .588 .552 .363 .616 .234 .043 .745 .821 .467 .440 .011 .370 
Gender Pearson 
Correlation -.070 -.576
** -.045 -.193 -.325 -.111 -.179 -.268 -.029 -.154 -.102 .191 -.075 -.022 .182 .130 -.023 -.014 .082 .207 
Sig. (2-
tailed) .734 .002 .828 .345 .105 .590 .381 .186 .888 .453 .619 .349 .715 .917 .374 .526 .909 .946 .691 .310 
Waiting time Pearson 
Correlation -.079 .255 .062 -.010 .165 .162 .016 .199 -.143 .222 -.164 -.321 -.194 .258 -.159 -.136 -.119 -.229 .236 -.079 
Sig. (2-





* -.323 -.467* -.043 -.467* -.527** -.326 -.552** -.046 
-
.580** 
-.182 .302 .007 -.236 .296 .150 .130 .130 -.095 .284 
Sig. (2-
tailed) .011 .108 .016 .833 .016 .006 .104 .003 .823 .002 .374 .134 .972 .245 .143 .466 .528 .525 .643 .160 
Anaesthetic Pearson 
Correlation -.393
* -.487* -.522** -.501** -.159 -.186 -.373 -.360 -.260 -.223 -.058 -.215 -.244 -.528** -.141 .041 -.043 -.038 -.191 .032 
Sig. (2-
tailed) .047 .012 .006 .009 .439 .364 .061 .071 .199 .274 .779 .293 .229 .006 .492 .841 .835 .854 .350 .876 
* Correlation is significant at p < 0.05 (2-tailed). ** Correlation is significant at p < 0.01 (2-tailed). KOOS: Knee injury and Osteoarthritis Outcome Score; ADL: Activity of Daily Living; Sport/rec: Sport and recreation subscale; QoL: 















Age Pearson Correlation 
.160 .015 .194 .375 
Sig. (2-tailed) .434 .943 .342 .059 
BMI Pearson Correlation 
-.256 -.187 -.384 -.263 
Sig. (2-tailed) .206 .360 .052 .194 
Gender Pearson Correlation 
-.120 -.302 -.023 .009 
Sig. (2-tailed) .558 .134 .911 .965 
Waiting time Pearson Correlation 
.171 .156 -.067 -.080 
Sig. (2-tailed) .404 .446 .744 .697 
Prosthesistype Pearson Correlation 
-.471* -.460* -.037 -.072 
Sig. (2-tailed) .015 .018 .857 .725 
Anaesthetic Pearson Correlation 
-.530** -.552** -.174 -.185 
Sig. (2-tailed) .005 .003 .395 .365 
* Correlation is significant at p < 0.05 (2-tailed). ** Correlation is significant at p < 0.01 (2-tailed). OKS: Oxford Knee Score; 
BMI: Body Mass Index.  
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Appendix XII: Physical and physiological performance outcomes: group mean and standard deviation scores of the operated and 
control legs at the four measurement points. Percentage score changes (%) relative to the control leg's performance at baseline and 
effect sizes relative to baseline evaluations at weeks 3 pre-surgery, 6 post-surgery and 12 post-surgery are included 
Variable 
 
~12 wk pre-surgery 3 wk pre-surgery 6 wk post-surgery 12 wk post-surgery 












Mean ± SD Mean ± SD Mean ± SD Mean ± SD % d % d % d 
 AP (cm) Operated leg -0.22 0.87 -0.27 0.43 -0.29 0.60 -0.13 0.82 -285.7 0.1 -314.3 0.1 -85.7 -0.1 
  Control leg -0.07 0.56 0.06 0.75 -0.51 1.30 -0.18 0.52 185.7 -0.2 -628.6 0.4 -157.1 0.2 
 ML (cm) Operated leg -0.15 1.83 -0.22 0.82 0.18 1.17 -0.15 0.86 -191.7 0.0 -25.0 -0.2 -162.5 0.0 
  Control leg 0.24 0.52 -0.38 1.29 0.47 2.33 0.12 0.94 -258.3 0.6 95.8 -0.1 -50.0 0.2 
 Mean COP velocity  Operated leg 15.27 13.21 10.63 3.53 15.17 12.58 11.12 3.46 -12.7 0.5 24.5 0.0 -8.7 0.4 
 (cm/s) Control leg 12.18 4.74 12.65 5.12 11.09 4.60 10.62 2.53 3.9 -0.1 -8.9 0.2 -12.8 0.4 
 PFV (N) 
Operated leg 210.5 97.1 218.6 100.8 151.7 64.5 194.2 79.6 -26.0 -0.1 -48.6 0.7 -34.2 0.2 
  
Control leg 295.3 127.5 265.0 101.1 284.5 111.5 289.2 126.9 -10.3 0.3 -3.7 0.1 -2.1 0.05 
  CAR (%) Operated leg 92.7 6.1 92.6 8.4 93.7 7.0 95.4 3.6 -2.4 0.0 -1.3 -0.2 0.5 -0.5 
  
Control leg 94.9 4.5 94.7 4.3 95.6 3.7 95.4 3.5 -0.2 0.0 0.7 -0.2 0.5 -0.1 
  RFDa (Ns-1) Operated leg 1013.0 1140.3 859.5 750.8 568.2 805.8 949.7 926.7 -45.4 0.2 -63.9 0.5 -39.7 0.1 
  
Control leg 1573.8 1658.2 1141.2 995.2 1388.9 1232.0 1102.9 1195.2 -27.5 0.3 -11.8 0.1 -29.9 0.3 
  RFRa (Ns-1) Operated leg 395.1 279.2 749.7 562.8 437.3 379.7 805.5 798.1 -11.2 -0.8 -48.2 -0.1 -4.6 -0.7 
  
Control leg 844.5 937.4 885.4 828.4 1069.3 986.8 999.6 1031.9 4.8 -0.05 26.6 -0.2 18.4 -0.2 
                 




~12 wk pre-surgery 3 wk pre-surgery 6 wk post-surgery 12 wk post-surgery 










a (ms) Operated leg 52.5 37.4 45.5 13.5 66.5 41.4 62.8 32.6 -7.9 0.2 34.6 -0.4 27.1 -0.3 
  Control leg 49.4 20.8 58.4 75.0 59.4 73.6 62.6 51.3 18.0 -0.2 20.2 -0.2 26.7 -0.3 
 A-EMD medialisa (ms) Operated leg 50.4 21.6 45.9 14.9 74.1 40.0 66.7 41.4 -31.1 0.2 11.3 -0.7 0.2 -0.5 
  Control leg 66.6 95.1 53.1 73.0 54.1 71.8 58.3 50.3 -20.3 0.2 -18.8 0.1 -12.5 0.1 
 R-EMD lateralisa (ms) Operated leg 209.2 95.7 329.7 178.6 275.3 213.2 242.5 205.7 20.3 -0.8 0.4 -0.4 -11.5 -0.2 
  Control leg 274.0 247.9 326.5 388.3 185.7 158.6 147.2 126.0 19.1 -0.2 -32.2 0.4 -46.3 0.6 
 R-EMD medialisa (ms) Operated leg 201.4 65.1 314.3 172.4 296.4 206.6 273.9 225.0 32.3 -0.9 24.8 -0.6 15.3 -0.4 
  Control leg 237.5 171.2 337.4 406.5 217.7 180.6 148.0 127.5 41.9 -0.3 -8.3 0.1 -37.7 0.6 
 FE objective (%) Operated leg 12.1 9.2 11.8 8.7 13.2 10.5 11.1 7.1 20.4 0.0 34.7 -0.1 13.3 0.1 
  Control leg 9.8 12.6 11.1 10.2 12.5 10.6 12.2 10.2 13.3 -0.1 27.6 -0.2 24.5 -0.2 
 
Knee circumference (cm) 
Operated leg 43.4 4.3 42.9 4.4 45.3 4.1 44.8 3.7 0.2 0.1 5.8 -0.5 4.7 -0.3 
 Control leg 42.8 4.1 42.5 4.1 42.5 4.2 42.7 4.3 -0.7 0.1 -0.7 0.1 -0.2 0.0 
 
Thigh circumference (cm) 
Operated leg 52.1 5.3 52.0 5.7 51.4 4.9 51.6 4.4 -0.3 0.0 -1.5 0.1 -1.1 0.1 
 Control leg 52.2 5.4 52.5 5.6 51.6 4.9 51.9 4.2 0.5 -0.1 -1.1 0.1 -0.6 0.0 
 ROM Flexion (°) Operated leg 109.7 12.3 109.2 14.1 93.5 15.9 100.4 13.8 -7.6 0.0 -20.9 1.1 -15.1 0.7 
  Control leg 118.2 13.4 120.5 11.6 121.3 13.0 120.6 12.1 2.0 -0.2 2.6 -0.2 2.0 -0.2 
 ROM Extension (°) Operated leg 4.7 4.6 3.5 4.8 5.3 4.7 3.7 5.2 1850.0 0.3 2750.0 -0.1 1950.0 0.2 
  Control leg -0.2 7.2 0.5 5.3 -0.4 4.4 -0.9 3.7 350.0 -0.1 -100.0 0.0 -350.0 0.1 
aRaw mean values have been used for percentage change and relative ES calculation. Standard deviation may be inflated due to skewed data. SD: Standard Deviation; ES: Effect Size; AP: Anterior/Posterior; CM: 
Centremetre; ML: Medial/Lateral; COP: Centre of Pressure; S: Second; PFv: volitional Peak Force; N: Newton; RFD: Rate of Force Development; RFR: Rate of Force Relaxation; A-EMD: Electromechanical Delay 
Activation; R-EMD: Electromechanical Delay Relaxation; FE: Force Error; ROM: Range of Movement.  
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Appendix XIII a: Operated leg: Pearson correlation of indices of postural stability and age, BMI, gender and waiting time, prosthesis 
type, anaesthetic 

























            Postural stability         
  AP ML COP velocity 
Age Pearson 
Correlation .008 -.150 .444
* -.164 -.025 -.140 .118 -.051 .056 .219 .357 .281 
Sig. (2-tailed) .970 .465 .023 .422 .903 .494 .565 .804 .784 .283 .073 .165 
BMI Pearson 
Correlation .041 -.233 -.122 -.399
* .058 -.040 -.228 .089 -.207 -.517** -.415* -.537** 
Sig. (2-tailed) 
.842 .252 .552 .043 .778 .844 .263 .667 .311 .007 .035 .005 
Gender Pearson 
Correlation .164 -.456
* .376 -.163 .225 -.217 -.081 .204 .222 .439* -.082 .325 
Sig. (2-tailed) 
.424 .019 .058 .427 .269 .286 .693 .317 .276 .025 .690 .105 
Waiting time Pearson 
Correlation .061 .447
* -.197 .075 -.073 -.085 -.041 .047 -.127 -.001 .067 -.047 
Sig. (2-tailed) 
.767 .022 .334 .717 .722 .680 .841 .819 .538 .997 .745 .820 
Prosthesis type Pearson 
Correlation .014 -.276 .422
* -.022 .246 -.122 -.189 .156 .105 .069 -.095 -.116 
Sig. (2-tailed) 
.947 .172 .032 .916 .226 .553 .355 .446 .609 .738 .646 .574 
Anaesthetic Pearson 
Correlation .105 .105 -.018 -.319 .111 .092 .166 -.209 -.201 -.141 .238 -.143 
Sig. (2-tailed) 
.609 .609 .932 .112 .590 .654 .418 .305 .325 .491 .242 .485 
* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). AP: Anterior/Posterior; ML: Medial/Lateral; COP: Centre Of Pressure; BMI: Body Mass Index.  
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Appendix XIII b: Operated leg: Pearson correlation of indices of neuromuscular performance and age, BMI, gender and waiting time, 
prosthesis type, anaesthetic 



























    PFV RFD RFR 
Age Pearson 
Correlation -.365 -.309 -.207 -.162 -.065 -.226 .105 .111 -.401
* -.111 -.425* -.241 
Sig. (2-tailed) 
.066 .124 .310 .428 .752 .267 .610 .589 .043 .591 .030 .235 
BMI Pearson 
Correlation .148 .124 -.059 .035 .089 .130 -.202 .055 .002 -.164 -.111 -.170 
Sig. (2-tailed) 
.470 .547 .775 .864 .666 .526 .322 .788 .991 .423 .589 .407 
Gender Pearson 
Correlation -.649
** -.665** -.619** -.565** -.449* -.405* -.226 -.257 -.533** -.398* -.526** -.246 
Sig. (2-tailed) 
.000 .000 .001 .003 .021 .040 .268 .205 .005 .044 .006 .225 
Waiting time Pearson 
Correlation .044 .087 .200 .288 -.082 -.261 -.197 .141 .155 .158 .122 .338 
Sig. (2-tailed) 




Correlation -.203 -.188 -.224 -.169 -.329 -.252 -.139 -.304 -.270 -.393
* -.192 -.312 
Sig. (2-tailed) 
.321 .358 .271 .410 .101 .214 .499 .130 .181 .047 .347 .121 
Anaesthetic Pearson 
Correlation -.088 -.031 -.040 .115 -.040 -.176 -.113 .023 .109 -.159 -.035 .156 
Sig. (2-tailed) 
.668 .881 .845 .576 .848 .390 .582 .912 .595 .437 .865 .446 
* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). PFv: volitional Peak Force; N: Newton; RFD: Rate of Force Development; RFR: Rate of Force Relaxation. 
BMI: Body Mass Index.   
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Appendix XIII c: Operated leg: Pearson correlation of indices of neuromuscular performance and age, BMI, gender and waiting time, 
prosthesis type, anaesthetic 










































   A-EMD vastus medialis A-EMD vastus lateralis R-EMD vastus medialis R-EMD vastus lateralis 
Age Pearson 
Correlation -.020 -.077 -.203 -.020 .151 -.052 -.067 -.012 -.216 .085 .243 .040 -.301 -.041 .233 .021 
Sig. (2-tailed) 
.922 .707 .319 .922 .463 .802 .744 .952 .288 .678 .232 .845 .135 .841 .252 .920 
BMI Pearson 
Correlation -.045 -.144 -.075 -.291 -.305 -.147 -.176 -.234 .122 -.047 -.316 -.336 .281 -.016 -.291 -.256 
Sig. (2-tailed) 
.826 .484 .717 .150 .130 .474 .390 .250 .552 .820 .116 .093 .164 .938 .150 .206 
Gender Pearson 
Correlation .126 .128 .060 .075 .277 -.110 .220 .034 .154 .266 -.056 .226 -.145 .407
* .078 .297 
Sig. (2-tailed) 
.539 .532 .770 .717 .171 .594 .280 .870 .453 .189 .785 .268 .479 .039 .706 .141 
Waiting time Pearson 
Correlation .016 .275 .160 .140 .077 .219 .316 .208 .001 .035 .317 .321 .032 -.017 .188 .342 
Sig. (2-tailed) 




Correlation .299 .102 -.125 .109 .235 -.036 -.133 -.005 .053 .118 -.032 -.147 -.035 .143 .167 -.078 
Sig. (2-tailed) 
.138 .620 .543 .596 .248 .863 .518 .980 .796 .565 .878 .474 .864 .486 .413 .706 
Anaesthetic Pearson 
Correlation -.048 -.126 .192 .124 -.046 -.248 .219 .308 -.161 -.003 .374 .083 -.172 -.206 .223 .134 
Sig. (2-tailed) 
.817 .541 .348 .545 .824 .221 .283 .126 .433 .990 .060 .686 .401 .314 .274 .513 




Appendix XIII d: Operated leg: Pearson correlation of sensorimotor performance and age, BMI, gender and waiting time, prosthesis 
type, anaesthetic 









Age Pearson Correlation 
-.019 .241 .291 .095 
Sig. (2-tailed) 
.928 .236 .150 .643 
BMI Pearson Correlation 
-.072 -.164 .033 -.181 
Sig. (2-tailed) 
.728 .424 .873 .376 
Gender Pearson Correlation 
-.032 -.040 .335 .375 
Sig. (2-tailed) 
.877 .848 .095 .059 
Waiting time Pearson Correlation 
.080 .135 .168 .056 
Sig. (2-tailed) 




.196 .087 .017 .019 
Sig. (2-tailed) 
.337 .673 .934 .926 
Anaesthetic Pearson Correlation 
.445* -.139 -.130 -.084 
Sig. (2-tailed) 
.023 .498 .525 .683 
* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). BMI: 
Body Mass Index. 
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Appendix XIII e: Operated leg: Pearson correlation of range of movement, knee circumference, and thigh circumference and age, BMI, 
gender and waiting time, prosthesis type, anaesthetic 













































    ROM Knee circumference Thigh circumference 
  Flexion Extension   
Age Pearson 
Correlation .042 .145 .566
** .432* -.261 -.138 -.157 -.279 -.201 -.229 -.196 -.280 -.324 -.304 -.309 -.291 
Sig. (2-tailed) 
.840 .480 .003 .027 .198 .502 .445 .167 .325 .261 .336 .166 .107 .131 .125 .150 
BMI Pearson 
Correlation -.279 -.315 -.131 -.116 -.100 .176 .176 .021 .745
** .772** .677** .791** .814** .869** .818** .884** 
Sig. (2-tailed) 
.168 .117 .522 .572 .625 .389 .390 .920 .000 .000 .000 .000 .000 .000 .000 .000 
Gender Pearson 
Correlation -.191 -.284 .217 .020 -.171 -.090 -.379 -.221 -.086 -.058 -.105 -.110 -.056 -.083 -.084 -.138 
Sig. (2-tailed) 
.350 .159 .286 .923 .404 .661 .056 .279 .677 .779 .609 .592 .786 .687 .683 .503 
Waiting time Pearson 
Correlation .028 .126 .147 .139 .404
* .354 .328 .224 -.186 -.194 -.049 -.208 -.260 -.195 -.107 -.138 
Sig. (2-tailed) 





* -.395* -.101 -.336 -.080 -.028 -.135 .191 .123 .152 .079 .166 .129 .098 .091 .149 
Sig. (2-tailed) 
.031 .046 .622 .094 .698 .893 .510 .351 .548 .458 .702 .417 .530 .635 .658 .468 
Anaesthetic Pearson 
Correlation -.040 .095 .200 .346 .104 -.084 -.265 -.105 .040 -.011 .002 .008 -.169 -.165 -.170 -.213 
Sig. (2-tailed) 
.847 .645 .328 .083 .613 .682 .190 .611 .846 .959 .994 .968 .409 .420 .406 .297 
* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). ROM: Range of Movement; BMI: Body Mass Index.  
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Appendix XIII f: Control leg: Pearson correlation of indices of postural stability and age, BMI, gender and waiting time, prosthesis 
type, anaesthetic 































            Postural stability         
  AP ML COP velocity 
Age Pearson Correlation -.194 .107 .072 .198 -.325 .079 .042 .005 .135 .167 .154 .261 
Sig. (2-tailed) .343 .605 .728 .331 .106 .701 .840 .980 .511 .414 .452 .199 
BMI Pearson Correlation 
-.224 .185 .193 -.092 -.197 -.081 -.015 -.123 -.367 -.461* -.437* -.542** 
Sig. (2-tailed) .271 .366 .344 .657 .334 .693 .940 .550 .065 .018 .026 .004 
Gender Pearson Correlation 
.152 -.085 .210 .035 .041 .023 -.120 -.232 .312 .100 .319 .396* 
Sig. (2-tailed) .459 .680 .303 .867 .842 .912 .560 .253 .121 .626 .112 .045 
Waiting time Pearson Correlation 
.190 -.038 -.544** .069 .069 .274 .503** .327 -.242 .126 -.202 -.099 




-.065 -.047 -.010 .179 .020 -.056 .116 -.157 .135 -.483* .062 -.028 
Sig. (2-tailed) .751 .819 .961 .383 .921 .786 .573 .443 .512 .012 .763 .893 
Anaesthetic Pearson Correlation 
-.030 .173 .123 .135 -.330 .165 -.284 -.159 -.098 -.188 .203 .201 
Sig. (2-tailed) .885 .398 .550 .512 .100 .421 .159 .439 .632 .358 .320 .325 





Appendix XIII g: Control leg: Pearson correlation of indices of neuromuscular performance and age, BMI, gender and waiting time, prosthesis 
type, anaesthetic 

























    PFV RFD RFR 
Age Pearson 
Correlation -.661
** -.462* -.496* -.529** -.065 -.226 .105 .111 -.226 -.169 -.359 -.305 
Sig. (2-tailed) 
.000 .018 .010 .005 .752 .267 .610 .589 .268 .410 .072 .130 
BMI Pearson 
Correlation .019 -.034 -.025 -.103 .089 .130 -.202 .055 -.170 -.347 -.015 .041 
Sig. (2-tailed) 
.925 .870 .902 .617 .666 .526 .322 .788 .405 .083 .943 .841 
Gender Pearson 
Correlation -.587
** -.672** -.674** -.535** -.449* -.405* -.226 -.257 -.269 -.302 -.308 -.110 
Sig. (2-tailed) 
.002 .000 .000 .005 .021 .040 .268 .205 .184 .134 .126 .594 
Waiting time Pearson 
Correlation -.015 .038 .076 -.089 -.082 -.261 -.197 .141 -.022 .234 -.086 -.209 
Sig. (2-tailed) 




Correlation -.307 -.267 -.271 -.241 -.329 -.252 -.139 -.304 -.189 -.364 -.306 -.052 
Sig. (2-tailed) 
.128 .187 .181 .235 .101 .214 .499 .130 .355 .068 .129 .802 
Anaesthetic Pearson 
Correlation -.075 -.132 -.024 .015 -.040 -.176 -.113 .023 .093 .197 .154 .324 
Sig. (2-tailed) 
.716 .519 .909 .942 .848 .390 .582 .912 .651 .336 .452 .106 
* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). PFv: volitional Peak Force; N: Newton; RFD: Rate of Force Development; RFR: Rate of Force Relaxation. 
BMI: Body Mass Index.  
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Appendix XIII h: Control leg: Pearson correlation of indices of neuromuscular performance and age, BMI, gender and waiting time, prosthesis 
type, anaesthetic 









































   A-EMD vastus medialis A-EMD vastus lateralis R-EMD vastus medialis R-EMD vastus lateralis 
Age Pearson 
Correlation .109 .332 .377 .333 .097 .244 .130 .358 .008 -.006 -.059 -.196 .109 -.043 .195 -.163 
Sig. (2-tailed) 
.595 .097 .058 .096 .639 .230 .525 .072 .967 .978 .775 .338 .595 .833 .339 .428 
BMI Pearson 
Correlation -.195 -.225 -.138 -.246 -.213 -.268 -.219 -.025 .278 .081 .139 .202 .051 .200 .271 .176 
Sig. (2-tailed) 
.340 .270 .502 .226 .296 .186 .283 .902 .169 .694 .498 .323 .803 .328 .181 .390 
Gender Pearson 
Correlation -.178 .354 .343 .406
* -.046 .226 .344 .351 -.216 .015 -.011 -.144 -.137 -.048 -.031 -.047 
Sig. (2-tailed) 
.384 .076 .086 .040 .823 .267 .085 .079 .290 .942 .959 .483 .506 .816 .880 .821 
Waiting time Pearson 
Correlation .444
* -.088 -.020 .070 .423* .031 -.074 .007 .399* .372 .125 -.289 .440* .383 .140 -.119 
Sig. (2-tailed) 





* .379 .336 .066 .274 .329 .366 -.176 .148 -.230 .032 -.266 .073 -.179 .125 
Sig. (2-tailed) 
.559 .047 .056 .094 .750 .175 .101 .066 .391 .471 .258 .877 .188 .723 .383 .544 
Anaesthetic Pearson 
Correlation -.175 .134 .344 .126 -.147 .147 .209 .047 .161 .004 -.002 -.083 .191 -.035 .284 -.159 
Sig. (2-tailed) 
.392 .515 .085 .540 .473 .472 .307 .819 .432 .986 .992 .687 .351 .865 .159 .439 
* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). A-EMD: Electromechanical Delay Activation; R-EMD: Electromechanical Delay Relaxation; BMI: Body Mass Index. 
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Appendix XIII i: Control leg: Pearson correlation of sensorimotor performance and age, BMI, gender and waiting time, prosthesis 
type, anaesthetic 









  Force Error 
Age Pearson Correlation 
.205 .378 .310 .429* 
Sig. (2-tailed) 
.316 .057 .124 .029 
BMI Pearson Correlation 
-.044 .012 -.476* -.157 
Sig. (2-tailed) 
.830 .953 .014 .443 
Gender Pearson Correlation 
-.036 -.050 .299 .380 
Sig. (2-tailed) 
.860 .810 .137 .055 
Waiting time Pearson Correlation 
.007 .070 .278 .165 
Sig. (2-tailed) 




.029 .117 -.099 .228 
Sig. (2-tailed) 
.889 .569 .631 .263 
Anaesthetic Pearson Correlation 
.376 .156 -.199 .194 
Sig. (2-tailed) 
.058 .447 .331 .342 
* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). BMI: 
Body Mass Index. 
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Appendix XIII j: Control leg: Pearson correlation of range of movement, knee circumference, and thigh circumference 
and age, BMI, gender and waiting time, prosthesis type, anaesthetic 













































    ROM Knee circumference Thigh circumference 
  Flexion Extension   
Age Pearson 
Correlation -.150 -.069 -.115 -.067 .068 .121 .198 .282 -.182 -.143 -.166 -.225 -.368 -.344 -.413
* -.430* 
Sig. (2-tailed) 
.466 .738 .576 .744 .740 .555 .333 .162 .373 .485 .418 .269 .064 .085 .036 .029 
BMI Pearson 
Correlation -.020 -.047 -.186 -.105 -.138 .036 -.155 -.098 .764
** .777** .747** .782** .807** .793** .790** .832** 
Sig. (2-tailed) 
.923 .820 .364 .609 .502 .862 .450 .634 .000 .000 .000 .000 .000 .000 .000 .000 
Gender Pearson 
Correlation .079 -.007 -.006 -.058 -.429
* -.253 -.168 -.127 -.114 -.038 -.005 -.036 -.170 -.154 -.108 -.220 
Sig. (2-tailed) 
.701 .974 .977 .777 .029 .212 .412 .535 .580 .853 .982 .860 .406 .453 .600 .279 
Waiting time Pearson 
Correlation -.145 -.038 -.083 .057 .348 .174 .218 -.012 -.149 -.226 -.166 -.165 -.178 -.158 -.143 -.166 
Sig. (2-tailed) 




Correlation -.242 -.276 -.306 -.407
* -.016 .030 .051 .145 .126 .161 .087 .131 .052 -.019 .061 .013 
Sig. (2-tailed) 
.233 .173 .129 .039 .936 .885 .803 .478 .540 .432 .672 .523 .799 .925 .766 .951 
Anaesthetic Pearson 
Correlation .018 .030 .063 .001 .235 .266 .173 .077 .043 -.010 -.064 -.015 -.108 -.160 -.122 -.146 
Sig. (2-tailed) 
.932 .883 .761 .996 .247 .188 .397 .708 .836 .962 .758 .942 .599 .436 .553 .476 
* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). ROM: Range of Movement; BMI: Body Mass Index. 
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